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The synthesis of multivalent dendritic cluster glycosides of mannopyranosyl-6-phosphate is presented. Poly(amido
amine)-based dendrimers of 0.5-3.5 generations, containing carboxylic acid peripheral functionalities, were utilized
so as to install 4, 8, 16 and 32 mannopyranosyl-6-phosphate residues at the peripheries of the dendrimers. Amide
bond formation between an amine-tethered mannopyranosyl-6-phosphate monomer unit and carboxylic
acid-functionalized dendrimers was conducted to synthesize the dendritic cluster glycosides. The constitutions of the
Man-6-P-containing dendrimers were assessed by 'H, *C and 3P NMR spectroscopies and the sugar content analysis
by a resorcinol assay. Preliminary biological studies with few newly synthesized Man-6-P-containing dendrimers
showed that these compounds could bind the purified goat liver mannose 6-phopshate receptor (MPR 300) protein.

Introduction

Phosphorylated and phosphosugar structures form major com-
ponents of natural glycosylated biomacromolecules, such as
proteophosphoglycans and lipophosphoglycan, present abun-
dantly in pathogenic parasites and poly(glycosyl phosphates).!
In some of these phosphoglycans, the phosphoryl components
are composed of repeating units of Man-1-P and Gal-B-(1-4)-
Man-a-1-P residues, as in the case of Leishmania genus.* These
phosphorylated glycosides act as biological signals. Mannose-6-
phosphate (Man-6-P), in particular, is known to be involved
in the selective targeting of newly synthesized enzymes to
lysosomes.® It is known that the presence of multiple Man-6-
P residues on N-linked oligosaccharides lead to binding affinity
enhancements to the cation-independent Man-6-P receptors in
macrophages and such enhanced binding affinities have been
attributed to the so-called ‘glycoside cluster effect’.* In the light
of the importance of the glycoside cluster effect in carbohydrate—
protein interactions, a large number of synthetic cluster gly-
cosides have been synthesized and their lectin recognition
properties resulting from clustering the sugar ligands studied.’
Cluster glycosides built up on dendritic scaffolds have occupied
considerable interest in recent years.® The hyperbranched and
unimolcular nature of dendrimers add as yet another newer
scaffold for the presentation of clustered sugar ligands, and
on the basis of dendritic design principles, several dendritic
cluster glycosides have been synthesized and their properties
studied.” Dendrimers constructed with phosphorylated building
blocks might be considered as highly branched analogs of
naturally-occurring phosphorylated glycosides and thus have
a potential to incorporate them in studies directed towards
understanding the functions of phosphorylated glycoconju-
gates. We report herein the synthesis of phosphorylated sugar-
containing dendrimers, in which the phosphorylated sugar units
are presented at the peripheries of the dendrimers. In the
synthesis of phosphorylated sugar-coated dendrimers, Man-6-
P sugar units were attached at the peripheries of a series of
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g The covalent modification of the peripheries of dendrimers was

a performed by forming amide bonds between amine-tethered
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sugar units and carboxylic acid-functionalized PAMAM den-
drimers. Pre-formed PAMAM dendrimers® of 0.5, 1.5, 2.5
and 3.5 generations, possessing 4, 8, 16 and 32 carboxylic
acid groups, respectively, were utilized to obtain the Man-6-P-
containing dendrimers. Synthesis of amine-tethered Man-6-P
derivative 5 was initiated from N-(benzyloxycarbonylamino)-
ethyl-2,3.4,6-tetra-O-benzoyl-a-D-mannopyranoside (1). Deri-
vative 1 was modified sequentially as: (i) deprotection of the
O-benzoyl protecting groups; (ii) O-tritylation of the primary
hydroxy group; and (iii) O-benzoylation of the remaining
hydroxy groups to afford 2 (Scheme 1). De-O-tritylation of 2
and phosphorylation of 3, with chlorodimethyl phosphate in
pyridine, provided the Man-6-P derivative 4. Hydrogenolysis of
the benzyloxycarbonyl protecting group in 4 led to the isolation
of the free amine-tethered Man-6-P derivative 5. Alternatively,
O-benzoyl group deprotection of 4 led to the isolation of the free
hydroxy group-containing Man-6-P derivative 6.
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Scheme 1  Reagents and conditions: (i) 0.5 M NaOMe/MeOH; (ii) TrCl,
Py, 70 °C, 3 h; (iii) BzCl, Py, 12 h; (iv) HCOOH-THF-H,O (1 : 1:0.1),
50°C, 2 h; (v) (O)P(OMe),Cl, Py, —40 °C — rt, 24 h; (vi) H,, 10% Pd-C,
MeOH-EtOAc (1: 1), 12 h, rt.

Amine 5 was subjected to amide bond formation with
pre-formed PAMAM dendrimers. Thus, the reaction of 5
with PAMAM dendrimers (0.5 generation), having four car-
boxylic acid groups, in the presence of di-isopropylcarbodiimide
(DIC)/1-hydroxybenzotriazole (HOBt), followed by deprotec-
tion of the O-benzoyl groups with NaOMe/MeOH afforded the
tetravalent Man-6-P-functionalized first generation dendrimer 7
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Scheme 2 Reagents and conditions: (i) PAMAM G, s—(COOH),, DIC,
HOBt, DMF, rt, 24 h; (i) PAMAM G, s—(COOH);, EDC/NHS, DMF,
rt, 24 h; (iii) NaOMe/MeOH, rt, 3 h.

(Scheme 2). To functionalize the higher generation dendrimers,
activation of the carboxylic acid groups was performed us-
ing 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and
N-hydroxysuccinimide (NHS) in DMF. Thus, EDC/NHS-
mediated activation of the higher generation carboxylic acid-
functionalized dendrimers (1.5, 2.5 and 3.5 generations, having
8, 16 and 32 carboxylic acid functionalities, respectively),
followed by amidation with amine 5in DMF led to the formation
of multivalent O-benzoyl group-protected Man-6-P-containing
PAMAM dendrimers. These protected sugar-containing den-
drimers were purified before deprotection by gel permeation
chromatography (GPC), with THF as the eluent. Fractions
eluting with early retention times were collected and the solvents
removed. The GPC chromatograms of the protected compounds
showed retention times centered at: O-benzoyl-protected 8
(7.45 min); O-benzoyl-protected 9 (7.15 min); O-benzoyl-
protected 10 (6.98 min). The resulting product was subjected to
O-benzoyl group deprotection (NaOMe/MeOH) and the free
Man-6-P-functionalized dendrimers 8-10 were thus obtained
(Schemes 2, 3 and 4, respectively). The structural nature of the
dendrimers was assessed by 'H, *C and *'P NMR spectroscopies
and the sugar content analysis by a resorcinol assay. The pro-
tected Man-6-P derivative 4 had shown the presence of two OMe
groups of the phosphate moiety as a double doublet, centered at
3.69 ppmin the '"H NMR spectrum. In the *C NMR spectrum of
4, a resonance corresponding to the OMe groups was observed
at 54.5 ppm (Jpc = 6.5 Hz). Similarly, the phosphorus nucleus
was observed at 1.10 ppm in the *P NMR spectrum of 4. The
presence of the dimethylphosphate moiety in 6, obtained after
treatment of 4 with NaOMe/MeOH, was confirmed by the
above NMR spectroscopies. Mass spectral analysis of 6 provided
the molecular ion peak as the corresponding K adduct.

The presence of two methoxy groups of the phosphate moiety
and also the phosphorus nucleus in 7-10 were confirmed by 'H,
BCand P NMR spectroscopies. The extent of functionalization
was inferred from the 'H NMR integration of the anomeric
proton of the sugar units and one of the methylene protons of
the dendritic core. Specifically, a comparison of the integrations
of the resonances corresponding to the anomeric H-1 proton
(ca. 5.0 ppm) of the sugar unit and the resonance corresponding
to the methylene protons (2.69-2.87 ppm), adjacent to the
carbonyl group functionalities, were indicative of the extent
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Scheme 3 Reagents and conditions: (i PAMAM G,;—(COOH),,,
EDC/NHS, DMF, rt, 24 h; (ii)) 0.5 M NaOMe/MeOH, rt, 12 h.

of functionalization. This comparison indicated that while 7,
8 and 9 were fully functionalized with Man-6-P units, about 30
Man-6-P units were present in the case of 10. The anomeric
carbon resonance in the C NMR spectra appeared at ca.
99.5 ppm and *'P NMR spectra showed the phosphate moiety
at ca. 1.0-2.0 ppm. Mass spectral and elemental composition
analysis of 7-10 were attempted. Mass spectral analysis by FAB-
MS, MALDI-TOF-MS and ESI-MS ionization modes were not
successful to secure the molecular ion peak. On the other hand,
the hygroscopic nature of the compounds led to inability to
obtain reliable elemental composition values from the elemental
analysis.

The extent of mannose-6-O-phosphate substitution on the
PAMAM dendrimers was confirmed by colorimetric deter-
mination using resorcinol-sulfuric acid assay.” This microtiter
plate assay method is used widely for the estimation of the
percentage of sugar substitution in neoglycoproteins, glycolipids
and macromolecules such as glycopolymers.*

The percentage of sugar moieties in the final free sugar-
containing dendrimers 7-10 was determined in comparison to
o-D-mannose, which was utilized as the standard. The results
of this assay are presented in Table 1. From this analysis, the
number of mannose-6-O-phosphate residues present in deriva-
tives 7 and 8 was found to be 4 and 8, respectively, confirming
the complete substitution of Man-6-P at the peripheries of first
and second generation PAMAM dendrimers. In the case of
derivatives 9 and 10, the percentage sugar content related to the
presence of only 15-16 and 28-29 Man-6-P residues, respectively.
These results correlate with the number of Man-6-P moieties, as
determined by '"H NMR spectral analysis.

In order to analyze if the synthetic compounds made in
this study can bind a receptor protein, preliminary biological
studies were carried out. For this purpose, the putative goat liver
MPR 300 protein (cation-independent receptor) was chosen.!
In a protocol, the monomeric (6), tetrameric (7) and octameric
(8) compounds were immobilized to Seralose gels, denoted as
Seralose-M, Seralose-T and Seralose-O gels, respectively. The
purified goat MPR 300 protein was separately incubated with
these gels and processed as described in the Experimental
section. SDS-PAGE analysis of the eluted samples revealed
that the receptor, bound on these gels, could be eluted with
7.5 mM mannose 6-phosphate. Under the same conditions,
the phosphomannan-Sepharose gel that was used to purify the
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Table 1 Analysis of the number of sugar residues by resorcinol-sulfuric acid method*

Calculated sugar content® (%) Observed sugar content* (%) Number of mannose residues
7 44.4 44.8 4
8 40.0 40.1 8
9 37.5 36.3 15-16
10 36.6 32.6 28-29

@ Aliquots of glycodendrimer solutions in water were in the concentration range 1.2-0.2 mg mL~". ® The calculated percentage weight of mannose
present in glycodendrimers based on complete substitution. ¢ All the samples were assayed in triplicate. ¢ Error: +0.3-0.5%.
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Scheme 4  Reagents and conditions: (i) PAMAM G;;—(COOH)s,, EDC/NHS, DMF, rt, 24 h; (ii)) 0.5 M NaOMe/MeOH, rt, 12 h.

goat liver receptor was shown to bind the receptor protein shows that the band pattern is similar in intensity for all three
efficiently. The results are shown in the Fig. 1. The figure compounds subjected in this study, and this pattern suggests
that the protein binds to all gels to a similar extent, including
Mr(kDa) - the phosphomannan gel which was used as a control. From
> ’ ! iﬁ i ' previous work it is known that the pentamannosyl-phosphate
205---- ’ and phosphomannan coupled as functional appendages to
‘ Sepharose via divinylsulfone can be used efficiently for the
purification of the MPR 300 proteins from goat liver."

1 2 3 4 5 6

Fig.1 7.5% SDS-PAGE analysis of the purified goat MPR 300 protein
(sﬂver. staining); 4 ug of protein applied on all gels. Lane 1: purified In conclusion, a series of phosphorylated sugar-containing
goat liver MPR 300 protein, bound and eluted from phosphomannan cluster glycosides was prepared. In this instance, Man-6-P

gel; lanes 2, 4, and 6 are the receptor protein bound and eluted from . . lled h sheri f . PA
the Seralose-M, Seralose-T and Seralose-O gels, respectively (the arrow sugar units were installed at the peripheries of various 3

indicates the position of the receptor protein); lanes 3 and 5: no protein MAM dendritic scaffolds. The simultaneous multiple func-
applied. tionalizations were efficient, and nearly complete substitutions

Conclusions
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were achieved with the PAMAM dendritic scaffolds of up
to four generations. A number of dendritic cluster glycosides
incorporated at the peripheries of PAMAM dendrimers were
known previously.”* Moderate increases in binding potencies
of dendritic cluster glycosides with relvant lectins have also
been observed often. While important issues relating to the
structural and topological requirements of dendritic clustered
sugar ligands for an efficient lectin binding remain at an early
stage of generalization,' the incorporation of dendritic design
principles itself is established firmly, so as to obtain newer types
of cluster glycosides. The phosphorylated sugar-containing
dendrimers reported herein should thus add further to the
repertoire of dendritic cluster glycosides. Preliminary biological
results obtained in this study suggest that the purified goat liver
MPR 300 protein can bind on the affinity adsorbents prepared
and can be eluted with 7.5 mM mannose 6-phosphate. It would
be interesting to see if the matrices prepared can also bind the
receptor isolated from other animal species. Further, it remains
to be etablished whether the MPR 46 protein can also bind on
these matrices. The ready availability of the synthetic compunds
should allow further experimentation in the preparation of the
affinity gels and analysis of their various functions, such as
binding and interaction with the putative mannose 6-phosphate
receptor proteins, namely, MPR 300 and 46.

Experimental
General methods

All solvents were dried prior to use according to literature
methods."® Et;N was dried over CaH, and distilled freshly prior
to use. Analytical TLC was performed on silica gel 60-F254
(Merck) with detection by fluorescence and/or by charring
following immersion in 5% H,SO,/EtOH. GPC was performed
on a Waters HPLC pump/dual A absorbance detector using a
phenogel column (5 pm, 500 A) and solvent THF (flow rate:
1 mL min™"). Silica gel (100-200 mesh) was used for column
chromatography. '"H and *C NMR spectra were recorded either
on a spectrometer operating at 300 and 75 MHz, respectively, or
a spectrometer operating at 400 and 100 MHz, respectively. *'P
NMR spectra were recorded using a spectrometer operating at
162 MHz. Tetramethylsilane or residual solvent signal formed
the internal reference for the NMR spectra. The following
abbreviations were used to denote the signal multiplicities: s,
singlet; d, doublet; t, triplet; m, multiplet; dd, double doublet;
app. s, apparent singlet; app. d, apparent doublet; app. t,
apparent triplet; band, several overlapping signals; AB q, AB
type quartet; br, broad; br. s, broad singlet.

N-(Benzyloxycarbonylamino)ethyl-2,3,4,-tri- O-benzoyl-6-O-
trityl-a-pD-mannopyranoside (2). A suspension of 17 (0.375 g,
0.484 mmol) in MeOH was admixed with NaOMe/MeOH
(0.5 M, 0.5 mL) and left stirring for 6 h, neutralized with
Amberlite IR-120 resin (H* form), filtered and the filtrate
concentrated in vacuo. The resulting solid was triturated
with Et,O and dried thoroughly to afford a white solid. This
product was suspended in a mixture of trityl chloride (0.175 g,
0.63 mmol), DMAP (0.020 g) and CsHsN (10 mL) and heated
for 3 h. The reaction mixture was then allowed to come to
room temperature, cooled to 0 °C and BzCl (1.0 mL) was
added before stirring for 12 h. The reaction mixture was diluted
with Et,0 (20 mL), washed with aqueous NaHCO; (10%;
2 x 15 mL), aqueous NaHSO; (5%; 2 x 15 mL), followed by
H,O (2 x 20 mL). The organic layer was dried (Na,SO,) and
concentrated in vacuo to obtain a residue, which was purified
(EtOAc—petroleum ether = 3 : 7) to afford 2 (0.304 g, 69%) as a
white foamy solid. TLC: R; 0.65 (EtOAc—petroleum ether = 3 :
7). '"H NMR (300 MHz, CDCl;): 0 8.15 (2 H, d, J = 7.2 Hz),
783 (2H,d, J=75Hz),7.732H,d,J =69 Hz), 7.51-7.07
(29 H, band), 6.04 (1 H,t,J =9.9 Hz), 5.76 (1 H, dd, J = 3.3,
10.5Hz), 5.70 (1 H, app. s), 5.35 (1 H, app. t), 5.12(3 H, m), 4.16

(1 H, m), 3.93 (1 H, m), 3.72 (1 H, m), 3.59-3.24 (4 H, band);
BCNMR (75 MHz, CDCl;): 0 165.6, 165.0, 156.4, 143.6, 136.4,
133.5, 133.1, 133.0, 130.1, 129.9-128.1, 127.7, 126.8, 97.9, 86.7,
70.7, 70.6, 70.4, 67.8, 66.8, 66.7, 62.1, 40.9. ESI-MS: calc. for
CsHyyNO, 0 m/z: 934.3203 [M + Nal*; found: 934.3182 [M +
Na]*.

N -(Benzyloxycarbonylamino)ethyl-2,3,4-tri- O-benzoyl-o-D-
mannopyranoside (3). A suspension of 2 (0.120 g, 0.131 mmol)
in HCOOH-THF-H,0O (1:1:0.1, 5mL) was heated at 50 °C for
2 h. Solvents were removed in vacuo, the residue co-evaporated
with PhMe (2 x 5 mL) and purified (EtOAc—petroleum ether =
3:2) to furnish 3 (0.082 g, 93%) as a glassy solid. TLC: R; 0.71
(EtOAc—petroleum ether = 3 : 2). [a]}y —48.00° (c 2.0, CHCL;).
'"H NMR (300 MHz, CDCl;): 6 8.09 (2 H, d, J = 7.2 Hz), 7.97
(2H,d,J=72Hz),7.82 (2H,d, J="7.5Hz), 7.62-7.24 (14
H, band), 593 (1 H, dd, J = 3.6, 10.2 Hz), 583 (1 H, t, J =
9.9 Hz), 5.68 (1 H, m), 5.29 (1 H, m), 5.13 (3 H, m), 4.06-4.02
(1 H, m), 3.92-3.50 (6 H, band); “C NMR (75 MHz, CDCl,):
0 166.4, 165.5, 156.4, 136.3, 133.7, 133.6, 133.2, 129.9, 129.7,
129.1, 128.9-128.1, 97.9, 71.2, 70.4, 69.5, 67.7, 67.1, 66.9, 61.3,
40.8. ESI-MS: calc. for C;;H3sNOy;: m/z: 692.2108 [M + Na]*;
found: 692.2129 [M + Na]*.

2-Aminoethyl-6-O-dimethylphosphoryl-2,3,4-tri-O-benzoyl-a-
D-mannopyranoside (5). Chlorodimethyl phosphate (90 pL,
0.636 mmol) was added slowly to a stirring solution of 3
(0.215 g, 0.321 mmol), in CsHsN (2 mL) at —40 °C. The
reaction mixture was allowed to reach room temperature,
stirred for 24 h and the solvents removed, the residue was
dissolved in CH,Cl, (15 mL), filtered and the filtrate evaporated
in vacuo. The resulting residue was purified (EtOAc—petroleum
ether = 4 : 1) to afford 4 (0.236 g, 94%) as a viscous syrup.
TLC: R; 0.62 (EtOAc—petroleum ether = 4 : 1). [a]5 —25.50°
(¢ 5.0, CHCl;). '"H NMR (400 MHz, CDCl;): ¢ 8.07 (2 H, dd,
J=13,84Hz),795(2H,app.d), 780 2H,dd, J =1.2,84
Hz), 7.60-7.22 (14 H, band), 5.89 (1 H, t, J = 10.1 Hz), 5.84
(1 H, dd, J = 3.2, 10.1 Hz), 5.65 (1 H, m), 5.39 (1 H, app. t),
5.11(2H,s),5.03(1 H,d,J =2.0 Hz), 4.26-4.23 (3 H, m), 3.92
(1 H, m), 3.75-3.65 (6 H, dd, J = 11.4 Hz), 3.60-3.48 (3 H,
m); “C NMR (75 MHz, CDCl;): 6 165.4, 156.4, 136.4, 133.6,
133.5,133.2,129.9-128.1,97.7, 70.3, 69.8, 69.7, 67.9, 66.8, 66.5,
66.0, 65.9, 54.5, 40.8; *'P NMR (162 MHz, CDCl): ¢ 1.10.
ESI-MS: calc. for CyH,NO,P: m/z: 800.2084 [M + Nal*;
found: 800.2085 [M + Na]*. For 5: a suspension of 4 (0.152 g,
0.195 mmol) in MeOH-EtOAc (4 : 1, 20 mL) and Pd-C (10%;
0.020 g) was subjected to hydrogenolysis using H, gas for 12 h.
After filtration over Celite, the solvents were removed in vacuo
to yield 5 (0.115 g, 92%) as a white foamy solid. TLC: R; 0.11
(EtOAC).

N-(Benzyloxycarbonylamino)ethyl-6- O-dimethylphosphoryl-
o-D-mannopyranoside (6). A suspension of 4 (0.052 g,
0.066 mmol) in MeOH (5 mL) was admixed with NaOMe-
MeOH (0.5 M, 0.2 mL) and left stirring for 12 h, neutralized
with Amberlite IR-120 resin (H* form), filtered and the filtrate
concentrated in vacuo. The residue was dissolved in H,O (1 mL)
and washed with EtOAc (2 x 1 mL), evaporated in vacuo to
obtain 6 (0.030 g, 97%) as a colourless glassy solid. [a]}} —7.25°
(¢ 1.2, H,0). '"H NMR (400 MHz, D,O): 6 7.29 (5 H, m),
498 (3 H, m), 4.11-3.21 (16 H, band); *C NMR (100 MHz,
D,0): 5 158.4, 136.5, 128.8, 128.7, 128.6, 127.7,99.8, 72.7, 71.2,
70.4, 69.8, 67.0, 66.5, 55.1, 40.5; ¥'P NMR (162 MHz, D,0): 6
1.83. ESI-MS: calc. for C,sH,xNO,,P: m/z: 504.1037 [M + K]*;
found: 504.1004 [M + K]*.

4-mer (7). To a mixture of PAMAM G,;—(COOH), (0.014 g,
0.040 mmol), 5 (0.138 g, 0.214 mmol), and HOBt (0.029 g,
0.199 mmol) in DMF (5 mL) was added DIC (30 uL, 0.20
mmol) and stirred at room temperature. After 24 h, solvents
were removed in vacuo, the resulting residue was purified via
column chromatography (SiO,, EtOAc-MeOH =9 : 1) to afford
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the O-benzoyl-protected Man-6-P dendrimer 7 (37 mg) as a
gummy solid. A suspension of the residue in MeOH (10 mL)
was admixed with NaOMe/MeOH (0.5 M, 0.2 mL) and left
stirring for 3 h, neutralized with Amberlite IR-120 resin (H*
form), filtered and the filtrate concentrated in vacuo. The residue
was dissolved in H,O (1 mL), washed with EtOAc (5 x 1 mL),
and evaporated in vacuo to obtain 7 (0.021 g, 33%) as a colourless
glassy solid. [a] 27.3° (¢ 0.88, H,O). '"H NMR (400 MHz, D,0):
0 4.71 (4 H, app. s, obscured by HOD), 4.15-3.20 (76 H, band),
2.85 (8 H, br s); *C NMR (100 MHz, D,0): ¢ 173.9, 99.6,
71.7,70.2,69.9, 66.2, 65.9, 64.8, 53.2, 50.3, 38.9, 28.2; 'P NMR
(162 MHz, D,0): ¢ 1.840. ESI-MS: m/z: 420 [M/4 + Na]*.

8-mer (8). To a stirring solution of PAMAM G, s—(COOH)y
(0.028 g, 0.025 mmol) and 5 (0.20 g, 0.31 mmol) in DMF (3 mL),
were added EDC (0.059 g, 0.31 mmol) and NHS (0.036 g,
0.31 mmol) under an N, blanket and stirred for 24 h. Solvents
were removed, the residue co-evaporated with PhMe (2 x 2 mL),
then dissolved in THF (1 mL) and filtered through a 0.25 um
filter. The solution was purified by GPC, and the fraction
corresponding to the retention time between 7.40 and 7.48 min
was collected and the solvents removed in vacuo. A suspension
of the residue (32 mg) in MeOH (15 mL) was admixed with
NaOMe/MeOH (0.5 M, 0.5 mL) and left stirring for 12 h,
neutralized with Amberlite IR-120 resin (H* form), filtered and
the filtrate concentrated in vacuo. The residue was dissolved in
H,O (1 mL), washed with EtOAc (5 x 1 mL), and evaporated
in vacuo to obtain 8 (0.028 mg, 31%) as a white waxy solid. [a]%
28.6° (¢ 0.60, H,0). '"H NMR (400 MHz, D,0): 6 4.70 (8 H,
br s), 3.95-3.39 (172 H, band), 3.18-3.07 (24 H, br); *C NMR
(100 MHz, D,0):6 179.3,176.5,99.6,74.1,73.2,72.7,70.4, 69.9,
69.1, 66.2, 60.8, 58.6, 54.9, 52.9, 48.8, 38.9, 35.6, 33.9; *'P NMR
(162 MHz, D,0): 0 1.80.

16-mer (9). To a solution of PAMAM G, ;—(COOH),,
(0.05 g, 19.2 umol) in DMF (5 mL), 5 (0.24 g, 0.372 mmol),
EDC (0.072 g, 0.372 mmol) and NHS (0.042 g, 0.372 mmol)
were added and stirred for 24 h under an N, blanket. Solvents
were removed, the residue co-evaporated with PhMe (2 x
2 mL), dissolved in THF (1 mL) and filtered through a
0.25 pum filter. The solution was purified by GPC and fractions
corresponding to the retention time between 7.13 and 7.17 min
were collected and the solvents removed in vacuo. A suspension
of the resulting residue (0.064 g) in MeOH (15 mL) was admixed
with NaOMe/MeOH (0.5 M, 0.5 mL) and left stirring for 12 h,
neutralized with Amberlite IR-120 resin (H* form), filtered and
the filtrate concentrated. The residue was dissolved in H,O
(1 mL), washed with EtOAc (5 x 1 mL), and evaporated
in vacuo to obtain 9 (0.032 g, 22%) as a white waxy solid.
The resorcinol assay showed that the product contained 15—
16 sugar residues, instead of complete substitution with 16-
sugar units. Accordingly, the characterization given here refers
to the product containing a varying number of sugar units. [a]%
27.0° (¢ 0.60, H,0). '"H NMR (400 MHz, D,0): ¢ 5.17 (16 H,
brs), 3.85-3.41 (256 H, band), 3.43-3.39 (108 H, br), 2.87-2.69
(56 H, br); *C NMR (100 MHz, D,0): ¢ 177.4, 173.7, 172.7,
99.6,72.9,72.7,70.5,70.0, 69.9, 66.6, 66.2, 60.8, 59.8, 57.4, 53.0,
52.8,52.0,50.6,44.2,40.0,34.5,30.0; "’ PNMR (162 MHz, D,0):
0 0.88.

32-mer (10). To a solution of PAMAM G;;—(COOH),
(0.054 g,9.6 umol) in DMF (5mL), amine 5 (0.240 g, 0.36 mmol),
EDC (0.072 g, 0.36 mmol) and NHS (0.021 g, 0.37 mmol) were
added and stirred for 24 h under an N, blanket. Solvents were
removed, the residue co-evaporated with PhMe (2 x 2 mL),
dissolved in THF (1 mL) and filtered through a 0.25 pum
filter. The solution was purified by GPC and the fraction
corresponding to the retention time between 6.90 and 7.08 min
was collected and the solvents removed. A suspension of the
resulting residue (0.078 g) in MeOH (15 mL) was admixed
with NaOMe/MeOH (0.5 M, 1 mL) and left stirring for 12 h,
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neutralized with Amberlite IR-120 resin (H* form), filtered and
the filtrate concentrated in vacuo. The residue was dissolved in
H,O (1 mL), washed with EtOAc (5 x 1 mL), and evaporated
in vacuo to obtain 10 (0.024 g, 16%) as a white waxy solid. The
resorcinol assay showed that the product contained 28-29 sugar
residues on average, instead of complete substitution with 32-
sugar units. Accordingly, the characterization given here refers
to the product containing a varying number of sugar units. [a]3}
29.3° (¢ 0.58, H,0). '"H NMR (400 MHz, D,0): 5 4.89 (27-30 H,
br s), 4.13-3.20 (695-746 H, band), 3.11-2.55 (120 H, br); *C
NMR (100 MHz, D,0): § 174.5, 172.9, 165.7, 99.8, 71.9, 71.7,
70.4,69.9, 66.7, 66.4, 65.3, 64.6, 63.6, 62.5, 60.8, 58.6, 57.4, 52.9,
49.8, 39.1, 37.6, 33.7; P NMR (162 MHz, D,0): 5 1.49.

Resorcinol assay

To each U-shaped well of a 96-well microtiter plate were added
20 pL of the derivatives 7-10 plus 20 pL of a 6 mg mL™"
solution of resorcinol plus 100 pL of 75% H,SO, plus 50 uL
pristane. The solutions were homogenized by shaking the plate
with a vortex apparatus. The plates were heated at 90 °C in an
oven for 30 min and subsequently kept at room temperature
for 30 min, in the dark. The optical density of each well was
recorded automatically by using a microtiter plate reader Wallac
Victor 1420 multilabel counter equipped with an interference
filter at 430 nm. The concentration of sugar present in the
aliquots of glycodendrimer solutions was determined from the
plot of absorbance vs. concentration of a-D-mannose (ug pL™),
as determined from a solution of o-D-mannose taken as the
standard.

Preparation of affinity gels and testing their ability to bind
purified goat liver mannose 6-phosphate receptor (MPR 300)
protein

Goat liver MPR 300 protein was purified on pre-
pared Sepharose-divinyl sulfone-phosphomannan gel.”> The
monomeric (M), tetrametric (T) and the octameric (O) com-
pounds were separately coupled to 500 pL of Seralose 4B gel
(SRL Chemicals) that had been activated with divinyl sulfone
as described, except that in place of Sepharose gel, Seralose gel
was used and in place of pentamannosylphosphate, the synthetic
compounds prepared were used.'® Purified goat liver MPR 300
protein was applied separately to 250 uL portions of these
gels equilibrated with column buffer (50 mM imidazole-HCl
buffer pH 7.0, 0.15 M NaCl, 5 mM sodium B-glycerophosphate,
2 mM EDTA, 0.05% Triton X-100) in an Eppendorf tube
overnight at 4 °C. The gel was packed into a column, washed
with 1.0 mL of column buffer, followed by 1.0 mL of 7.5 mM
mannose 6-phosphate in column buffer. Eluted samples were
TCA precipitated and analyzed on 7.5% SDS-PAGE under
reducing conditions as described,” and the protein bands
detected by silver staining.?
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A new type of fluorescent chemosensor, based on modified cyclodextrins bearing the fluorophore unit NBD-amine,
was prepared. One of these new chemosensors, NCOBCD, is sensitive to adamantane and borneol derivatives, which
have a comparatively spherical shape that fits the B-CD cavity, but is not sensitive to bile acids, which are strongly
bound by the native B-CD. Even in the presence of a bile acid, NCOBCD can detect 1-adamantanol. Another of this
new type of chemosensors, NCOyCD, is sensitive to bile acids but not to adamantane derivatives. The response of the
new type of chemosensors to a guest was an increase in the fluorescence intensity.

Introduction

The signal transduction of molecule- or metal-binding events
into spectroscopic changes has recently emerged as an important
application of supramolecular chemistry.'* We have prepared
many kinds of chromophore-modified cyclodextrins (CDs) as
chemosensors for molecule recognition.>? Colorless neutral
molecules can be detected as changes in the intensity of fluo-
rescence, absorption or circular dichroism using chemosensors
based on chromophore-modified CDs. The mechanism of these
chemosensors is shown in Fig. 1. The chromophore-modified
CDs can adopt some conformations in aqueous solution. The
conformation equilibrium can be explained by the simplified
two-state model shown in Fig. 1. The ‘self-inclusion state’
is usually the major conformation. An ‘induced-fit’ confor-
mational change of the chromophore-modified CD occurs in
association with accommodation of the guest, which displaces
the chromophore from the inside to the outside of the CD cavity.
The ‘non-self-inclusion state’ increases with an increase in the
guest concentration. In the case of a fluorophore, the fluorescent
CD exhibits a strong fluorescence in the self-inclusion state due
to the hydrophobic environment of the CD cavity, and exclusion
of the fluorophore from the cavity to the bulk water weakens its
fluorescence intensity. The extent of the variation in fluorescence
intensity depends on the affinity of the chemosensor for a guest.
This chemosensor system is effective for detecting molecules,
but it has some defects. (1) Self-inclusion of the chromophore
can inhibit accommodation of the guest. For example, the
self-inclusion state of dansyl-D-leucine-modified B-CD is twice
as stable as that of dansyl-L-leucine-modified B-CD, and the
binding ability of the former is about half that of the latter.”®
(2) Changing the chromophore or spacer unit can alter the
selectivity of the chemosensor, but the effect is not large, because
the guest selectivity of the chemosensor mainly depends on the
selectivity of the CD itself. The affinities of both B-CD and
v-CD for bile acid derivatives are greater than their affinities
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g Fig. 1 Guest-induced conformational change of a conventional chro-
&  mophore-modified cyclodextrin.
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for adamantane derivatives. Therefore, adamantanol cannot be
detected in a mixed solution of a bile acid and adamantanol
using conventional chemosensors. (3) For most conventional
chemosensors, the detection of a guest is accompanied by a
decrease in the fluorescence intensity, although an increase in
the emission intensity caused by guest response is more effective
for chemical sensing systems. Therefore, we now propose a new
method to overcome these defects as shown in Fig. 2. If the
chromophore is connected to the CD without an alkyl spacer
in the linker, the chromophore cannot be self-included and will
remain at the entrance of the CD cavity. In this situation, some
water is accommodated in the cavity and the chromophore is
surrounded by a hydrophilic environment. If a hydrophobic
guest then enters the cavity such that the hydrophobic face
of the guest interacts with the chromophore, the chromophore
will be located in a more hydrophobic environment. When the
chromophore is a fluorophore, its fluorescence intensity will be
weak in the absence of guests and stronger in the presence of
hydrophobic guests. This mechanism is expected to produce
a new selectivity in the chemosensor, because a more limited
variety of guests will have the correct shape capable of increasing
fluorescence intensity. Furthermore, the fluorophore will act as
a hydrophobic cap to increase the affinity of the chemosensor to
guests. We here report a new type of chemosensor that can detect
adamantanol even in the presence of a bile acid, even though
the affinity of the native B-CD is greater for bile acids than for
adamantanol.

Guest

= water

Fig. 2 Guest-induced conformational change of a new type of chro-
mophore-modified cyclodextrin.

Results and discussion
Syntheses of NBD-amine-modified CDs

We selected 4-amino-7-nitrobenz-2-oxa-1,3-diazole (NBD-
amine) as a fluorophore for our new type of chemosensor
(Chart 1). NBD-Clis a fluorogenic reagent that is not fluorescent
itself but reacts with an amine group to form the fluorescent

This journal is © The Royal Society of Chemistry 2005
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Chart 1 Structures of NBD-amine-modified cyclodextrins.

derivative, NBD-amine.”*"* NBD-amine displays the inter-
esting property of fluorescing weakly in water and strongly
in organic solvents, membranes or hydrophobic environ-
ments. The new type of chemosensor NCOBCD was synthe-
sized by the reaction of mono-6-amino-6-deoxy-B-CD with
4-chloro-7-nitrobenz-2-oxa-1,3-diazole (NBD-Cl). The fluo-
rophore unit (NBD-amine) is directly connected to the CD
framework of NCOBCD. A reference compound, NC4BCD,
which has a butylenediamine spacer, was synthesized from 6-(4-
aminobutylamino)-6-deoxy-f-CD. The NBD unit of NC43CD
would be self-included and the guest selectivity of NC4BCD
would be similar to that of the conventional CD-based
chemosensors. The chemosensors NCOyCD and NC4yCD,
which have a larger cavity, were also prepared.

Absorption and fluorescence spectra of NCOBCD and NC4pCD

The absorption spectra of NCOBCD and NC4BCD in the
presence of various amounts of 1-adamantanol (1-AdOH) were
measured in phosphate buffer (pH 7.0) as shown in Fig. 3.
The peak intensity of NCOBCD was decreased, while that
of NC4BCD was increased, by increasing the concentration
of 1-AdOH. This result indicates that the hydrophobic guest
increases the hydrophobicity near the NBD-amine moiety of
NCOBCD, whereas the guest displaces the NBD-amine moiety
of NC4BCD from the hydrophobic CD cavity to the bulk water,
because the molar absorption coefficient (¢) of NBD-amine
derivatives rise with increasing solvent polarity."* We observed
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Fig. 3 Absorption spectra of (a) NCOBCD (2 x 10~ M) and (b)
NC4BCD (2 x 10° M) in the presence of various concentrations of
1-AdOH in phosphate buffer (200 mM, pH 7.0) at 25 °C.

the isosbestic point for each host (510 nm for NCOBCD, 434 nm
for NC4BCD), and the wavelength at the isosbestic point was
chosen as the excitation wavelength for fluorescence measure-
ments. The fluorescence spectra of NCOBCD and NC4BCD in
phosphate buffer (pH 7.0) have emission bands with peaks at
569.5 and 539.5 nm, respectively, as shown in Fig. 4. This
difference in the emission maximum wavelength results from
a difference in hydrophobicity near each NBD-amine moiety. It
means that the NBD-amine moiety of NC4BCD, which has
the butylenediamine spacer, penetrates more deeply into the
hydrophobic CD cavity than that of NCOBCD, which has no
spacer. The fluorescence intensity of NCOBCD rose upon the
addition of 1-AdOH, indicating an increase in hydrophobicity
near the NBD-amine moiety induced by accommodation of
the guest (Fig. 4a). By contrast, the fluorescence intensity of
NC4BCD decreased upon the addition of 1-AdOH, indicating
a positional change of the fluorophore from the inside to the
outside of the CD cavity (Fig. 4b). The peak maxima of the
fluorescence spectra of NCOBCD and NC4BCD shifted to shorter
and longer wavelength with increasing the guest concentration,
respectively. This also indicates that the hydrophobicity around
the NBD unit changes upon the addition of the guest.
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Fig. 4 (a) Fluorescence spectra of NCOBCD (5 x 10=° M) in the
presence of various concentrations of 1-AdOH in phosphate buffer
(200 mM, pH 7.0) at 25 °C; the excitation wavelength was 510 nm. (b)
Fluorescence spectra of NC4BCD (5 x 10~° M) in the same condition
as NCOBCD; the excitation wavelength was 434 nm.

Guest selectivity of the chemosensors

The guest selectivity of the chemosensor was evaluated by the
sensitivity parameter (Al/1y; AI = I — I, where I, and I denote
the fluorescence intensities in the absence and presence of a
guest, respectively). The structures of the guests for evaluation of
the guest selectivities of the chemosensors are shown in Chart 2.
The native B-CD strongly accommodates the bile acid derivatives
and moderately accommodates the adamantane and borneol
derivatives. The affinity of the native B-CD for small molecules
is weak.
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Chart2 Structures of guests.

Fig. 5 shows the guest selectivity pattern of NC4BCD (5 x
10-¢ M) for various guests each at a guest concentration of 1 x
1075 M. The sensitivity of NC4BCD to the guests decreases in the
following order: bile acids > adamantane derivatives > borneol
derivatives > small molecules. This selectivity is characteristic
of conventional CD-based chemosensors.**> NC4BCD is less
sensitive to CA and DCA than other bile acid derivatives. This
pattern of selectivity is similar to that of conventional CD-based
chemosensors.
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Fig. 5 Sensitivity parameters (Al/1,) of NCOBCD (5 x 10-° M) and
NC4BCD (5 x 10° M) for various guests (each at 1 x 10~ M) in
phosphate buffer (200 mM, pH 7.0) at 25 °C. The excitation wavelength
was 510 nm for NCOBCD and 434 nm for NC4BCD. The emission
wavelength was 569.5 nm for NCOBCD and 539.5 nm for NC4BCD.

By contrast, the new type of chemosensor NCOBCD is much
more sensitive to the adamantane and borneol derivatives. The
shape of these guests is comparatively spherical and their size
matches the 3-CD cavity more closely. The response of NCOBCD
to these guests is a large increase in the fluorescence intensity;
by contrast, the fluorescence intensity of NC4BCD is decreased
by the addition of guests. It is noteworthy that NCOBCD is not
sensitive to bile acids, although bile acids are strongly bound by
the native B-CD.'¢""

4264

Org. Biomol. Chem., 2005, 3, 4262-4267 |

Maximum variation and binding constants of the chemosensors
for guests

The plot of A/, versus the guest concentration can be fitted
by an equation for the 1 : 1 host-guest complex.® The binding
constant (K,) and Al,./I, can be obtained from this curve
fitting analysis.® The Al,,,./I, values of NCOBCD for CDCA,
HDCA, LCA, and UDCA are too small to calculate the binding
constants; therefore, the binding constants for these derivatives
were obtained by another method as described below. Al
is the fluorescence spectra variation for the addition of an
infinite quantity of the guest and the Al,,./I, value provides
information about the environment around the fluorophore in
the complex. The Al,,,./ I, values of NCOBCD and NC4BCD are
shown in Table 1. The Al,,,./I, of NC4BCD is a similar negative
value for each guest. By contrast, the Al,,,./I, of NCOBCD for
each guest differs considerably. For example, the Al,,../ 1, values
for bile acids are small negative or positive values, whereas those
for the adamantane and borneol derivatives are large positive
values. This observation suggests that the environment around
the fluorophore in the NC4BCD-guest complex is almost the
same for each guest, whereas that in the NCOBCD-guest complex
is different for each guest. This difference in the fluorophore
environment causes the characteristic sensing patterns.

The binding constants for adamantane derivatives of
NCOBCD are larger than those of NC4BCD (Table 2). This
finding suggests that the NBD unit also acts as a hydrophobic
cap for guest binding rather than a binding inhibitor.

Competition assay for UDCA

A competition experiment was performed to confirm whether
NCOBCD could accommodate a bile acid or not. We reasoned
that if UDCA can be strongly accommodated by NCOBCD,
similar to the native B-CD, then 1-AdOH in the NCOBCD-1-
AdOH complex would be replaced by UDCA. Furthermore, be-
cause the NCOBCD-1-AdOH complex shows a strong emission
but the NCOBCD-UDCA complex shows a weak fluorescence,
the addition of UDCA to the solution of the NCOBCD-1-
AdOH complex should decrease the fluorescence intensity. The





Table 1 Al,,./I, of NCOBCD, NC4BCD, and NCOyCD

Al /1,

Guest NCOBCD  NC48CD  NC0yCD
CA 0.16 —0.60 1.59
CDCA —0.14> —0.61 1.01
DCA 0.65 —0.57 1.07
HDCA —0.13 —0.57 0.67
LCA —0.15 ~0.59 0.54
UDCA —0.15 —0.57 0.58
1-AdOH 1.02 ~0.60 0.37
2-AdOH 0.96 ~0.58 0.37
1-AdCOOH 0.89 —0.64 0.61
1-AdNH, 1.36 ~0.65 a
(+)-Bor 1.30 ~0.52 0.45
(—)-Bor 1.36 —0.57 0.44
Ner 0.95 —0.47 0.44
Ger 0.83 ~0.60 0.31
c-HexOH 1.00 ~0.53 a

“The accurate value could not determined due to small changes in
fluorescence. * The competition assay was used to obtain the value.

Table 2 Binding constants (K,,) of NCOBCD, NC4BCD, and NCOyCD

K,/10* M~
Guest NCOBCD  NC4BCD  NC0yCD
CA 6.7 3.8 4.1
CDCA 5.0 43 15
DCA 1.4 5.6 22
HDCA 81 150 31
LCA 110 90 370
UDCA 60° 160 15
1-AdOH 42 1.6 0.15
2-AdOH 58 23 0.16
1-AdCOOH 59 3.9 0.080
1-AdNH, 6.4 0.2 a
(+)-Bor 21 1.1 0.72
(—)-Bor 16 0.65 0.65
Ner 0.56 0.13 0.22
Ger 0.55 0.071 0.11
c-HexOH 0.43 0.042 a

“The accurate value could not determined due to small changes in
fluorescence. ® The competition assay was used to obtain the value.

fluorescence intensity did indeed decrease with the addition of
UDCA as shown in Fig. 6. This variation was fitted by an
equation for a competition assay.”® The binding constant (K)
and Al,,,./I, of NCOBCD for the bile acid derivatives can be
obtained from this curve fitting analysis as the usual method
cannot be used to calculate the binding constants. The binding
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Fig. 6 Fluorescence spectra of NCOBCD (5 x 10~* M) with 1-AdOH
(1 x 107> M) in the absence and presence of various concentrations of
UDCA in phosphate buffer (200 mM, pH 7.0) at 25 °C; the excitation
wavelength was 510 nm.

constant of NCOBCD for UDCA is larger than that for 1-AdOH
but Al,../I, for UDCA is a small negative value. This result
indicates that UDCA is accommodated in NCOBCD, but it does
not change the fluorescence intensity of the NBD-amine.

"H NMR of the complex of NCOBCD with 1-AdOH and UDCA

The interaction between the NBD moiety and a guest was
investigated by "H NMR. With the addition of 1-AdOH to a
solution of NCOBCD in D,O, the resonances for the NBD moiety
broadened as shown in Fig. 7. This change suggests that the
motion of NBD was restricted by the van der Waals interactions
with 1-AdOH. This observation indicates that the NBD moiety
is still positioned at the entrance of the CD cavity, even when
1-AdOH is accommodated. By contrast, with the addition of
UDCA to a solution of NCOBCD in D,O, the resonances for the
NBD moiety sharpened. Therefore, the NBD moiety must move
away from the entrance of the CD cavity and the motion of the
NBD moiety is not restricted. These different behaviors of the
NBD moiety cause the difference in the fluorescence variation
observed upon addition of the guest. The resonances for the
NBD moiety of NCOBCD alone [Fig. 7(a)] are broader than
those of NCOBCD in the presence of UDCA [Fig. 7(c)]. This
suggests that the motion of the NBD moiety of NCOBCD is
restricted in the absence of the guest, because the NBD moiety
interacts with the rim of the CD cavity.

(0
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Fig. 7 'H NMR spectra of NCOBCD (a) alone and in the presence
of (b) 1-AdOH or (c) UDCA showing the region of NBD protons;
[NCOBCD] = [1-AdOH] = [UDCA] =5 x 10~* M.

Assay of a guest mixture by NCOBCD

We tried to detect 1-AdOH in the presence of a bile acid
by using NCOBCD as a chemosensor. An assay for a guest
mixture using a chemosensor based on the CD derivatives has
not previously been reported. The conventional fluorophore-
modified CD cannot monitor the adamantane derivatives in
the presence of bile acids, because its affinity is greater for bile
acids than for adamantane derivatives. The relative sensitivity
parameters (Al/1y)umi/(AI/ 1)1 .aq0u) Of NCOBCD (5 x 107¢ M)
were evaluated for a solution containing both bile acid (1 x
10 M) and 1-AdOH (1 x 10~° M). In Fig. 8, the sensitivity
parameters have been normalized to the sensitivity parameters
for the addition of 1-AdOH alone. The relative sensitivity
parameters of NCOBCD for each mixture are positive and are
comparable to that for the addition of 1-AdOH alone. In the case
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Fig. 8 Relative sensitivity parameters ((AI/1)mic/(AI/1y)i.a00u) Of
NCOBCD (5 x 10~ M) for mixtures of guests (each at I x 10~ M) in
phosphate buffer (200 mM, pH 7.0) at 25 °C; the excitation wavelength
was 510 nm. The emission wavelength was 569.5 nm.

of HDCA, LCA, and UDCA, the relative sensitivity parameters
for the mixtures are not high, but the chemosensor response is
an increase in the fluorescence intensity. Because the responses
to these bile acids on their own are a small decrease in intensity,
we can detect adamantanol even in the mixtures containing
these derivatives. To our knowledge, this is the first time that
adamantanol has been detected in the presence of a bile acid by
a CD-based chemosensor.

Sensitivity parameters of NCOyCD and NC4yCD

NCOBCD shows a relatively weak response to bile acids, because
there is not enough space between the rim of the CD and the
NBD unit to incorporate the alkyl chain at the D ring of a
bile acid, and the NBD unit is displaced by accommodation
of the guest. Because y-CD has enough space for the alkyl
chain of a bile acid and the y-CD cavity is too large for the
adamantane derivatives, we expected to produce a chemosensor
that is sensitive to bile acid derivatives but has no response
to adamantane derivatives using the y-CD derivative. The
sensitivity parameters of NCOyCD and NC4yCD for various
guests are shown in Fig. 9. NCOyCD is relatively sensitive
to each bile acid but has no response to the adamantane
derivatives, and NC4yCD is not sensitive to any of the guests.
The responses of NCOyCD to the guests are also increases
in the fluorescence intensity. The guest-response pattern of
NCOyCD differs from that of NCOBCD. Take together, these
results indicate that we can now easily discriminate between bile
acids and adamantane derivatives at any concentration by the
combined use of NCOBCD and NCOyCD.
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Fig. 9 Sensitivity parameters (Al/1,) of NCOyCD (5 x 10=° M) and
NC4yCD (5 x 107 M) for various guests (each at 1 x 10 M) in
phosphate buffer (200 mM, pH 7.0) at 25 °C; the excitation wavelength
was 500 nm for NCOyCD and 431 nm for NC4yCD. The emission
wavelength was 566 nm for NCOyCD and 556 nm for NC4yCD.

Conclusions

‘We have prepared two new kinds of chemosensor: one is sensitive
to adamantane derivatives but not to bile acid derivatives; the
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other is sensitive to bile acid derivatives but not to adamantane
derivatives. We can detect both adamantane derivatives and bile
acid derivatives in a mixture by the combined use of these new
chemosensors. We expect to be able to develop a pattern-based
assay by the combined use of these types of chemosensor.

Experimental
Materials

CDs were kindly donated by Nihon Shokuhin Kako Co.,
Ltd, and were used without further purification. Reagents
were purchased from Sigma-Aldrich Co., Tokyo Kasei Kogyo
Co., Ltd, and Wako Pure Chemical Industries, Ltd, and were
used without further purification. Deuterium oxide for NMR
measurements was obtained from Merck Co.

Measurements

Reverse phase HPLC was performed using a HITACHI HPLC
system comprising a HITACHI L-7100 Intelligent Pump, HI-
TACHI D-7500 Chromato-Integrator and HITACHI L-7400
UV-VIS Detector. '"H NMR spectra were measured on a Varian
VXR 5008 spectrometer (500 MHz). HDO (6 = 4.70) was
used as an internal standard. Matrix assisted laser desorp-
tion/ionization and time-of-flight mass spectrometry (MALDI-
TOF MS) was performed on a SHIMADZU KRATOS
KOMPACT MALDI III mass spectrometer using o-cyano-4-
hydroxycinnamic acid as a matrix. Thin-layer chromatography
(TLC, n-butanol-ethanol-water = 5: 4 : 3, and conc. NH;(aq.)—-
ethyl acetate-2-propanol-water = 1 : 3 : 5 : 4) was carried
out with silica gel F254 (Merck Co.). Absorption spectra were
measured on a SHIMADZU UV-Visible spectrophotometer
UV-2550. Fluorescence spectra were measured on a HITACHI
fluorescence spectrophotometer F-2500.

Syntheses

NCOBCD: 4-chloro-7-nitrobenz-2-oxa-1,3-diazole (NBD-CI,
28.2 mg, 0.140 mmol) was added to a DMF (2.0 ml)}-methanol
(2.5 ml) solution containing triethylamine (6.1 pl, 0.044 mmol)
and mono-6-deoxy-6-amino-B-cyclodextrin'' (20 mg, 0.0176
mmol). The reaction mixture was stirred at room temperature for
4.5 h. Then, the solution was poured into acetone (140 ml), and
the precipitates were dried in vacuo overnight, giving 18.6 mg of
crude product. This crude product was purified by reverse phase
HPLC, and the final product was obtained as a yellow powder
(12.6 mg, 55.2% yield). "H NMR (D,0, 500 MHz):  4.89-5.13
(m, 7H, H-1), 6.43 (bs, 1H, aromatic), 8.45 (d, 1H, aromatic).
MALDI-TOF MS: m/z 1320.9 (calcd for [M + Na]*, 1320.1).

NC4BCD was synthesized by the reaction of mono-6-deoxy-
6-(4-aminobutylamino)-B-cyclodextrin’> with NBD-Cl in a
DMF-methanol solution containing triethylamine in the same
manner as described for NCOBCD. The final product was
obtained as a yellow powder (18.5 mg, 40.8% yield). "H NMR
(D,0, 500 MHz): 6 1.77-1.87 (m, 4H, methylene), 4.97-5.04
(m, 7H, H-1), 6.38 (d, 1H, aromatic), 8.61 (d, 1H, aromatic).
MALDI-TOF MS: m/z 1390.9 (calcd for [M + Na]*, 1391.2).

NCO0yCD was synthesized by the reaction of mono-6-deoxy-
6-amino-y-cyclodextrin'® with NBD-Cl in the same manner as
described for NCOBCD (8.0 mg, 9.6% yield). '"H NMR (D,O,
500 MHz): 6 4.93-5.22 (m, 8H, H-1), 6.36 (d, 1H, aromatic),
8.42 (d, 1H, aromatic). MALDI-TOF MS: m/z 1482.1 (calcd
for [M + Nal*, 1482.2).

NC4yCD was synthesized by the reaction of mono-6-deoxy-
6-(4-aminobutylamino)-y-cyclodextrin’* with NBD-CI in the
same manner as described for NCOBCD (6.1 mg, 13.6% yield).
'H NMR (D,0, 500 MHz): 6 1.84-1.95 (m, 4H, methylene),
4.97-5.08 (m, 8H, H-1), 6.22 (d, 1H, aromatic), 8.19 (d, 1H,
aromatic). MALDI-TOF MS: m/z 1552.7 (calcd for [M + Na]*,
1553.4).
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A mono-6-O-propargyl permethylated -cyclodextrin, 3, has been prepared by two synthetic routes as a versatile
building block for the construction of cyclodextrin dimers and trimers with a core junction which is potentially
electron conducting. Glaser—Hay coupling of 3 gave B-cyclodextrin dimer 6, and Pd(0)-catalysed coupling allowed
the preparation of a cyclodextrin dimer with a 1,4-phenylene bridge, 7, and a cyclodextrin trimer based on a
1,3,5-trisubstituted benzene, 8. All compounds have been fully characterised, and in particular, detailed analysis by
2D NMR spectroscopic techniques has provided useful insight into the identities of the compounds. The detailed full
characterisation of mono-3,6-anhydro-heptakis(2,3-O-methyl)-hexakis(6-O-methyl)-B-cyclodextrin, 5, is also
described. Product 5 is formed during the methylation of compound 3, and its formation was found to be sensitive to
the reaction conditions. The absorption and fluorescence spectra of the phenylene-bridged dimer 7 and trimer 8 are
also reported. They show different properties of the excited state based on the different electronic coupling imposed

by the phenylene core.

Introduction

The introduction of multiple cyclodextrin recognition sites in a
single supramolecular architecture has attracted interest in the
field of enzymatic catalysis,! especially as cyclodextrin dimers
have showed enhanced binding to guests compared to single
cyclodextrins.? The potential of multi-cyclodextrin systems as
components in photomolecular devices*® or sensing'? is less
well explored. Two different strategies have been used for the
formation of multi-cyclodextrin architectures. A coordination
chemistry approach uses metal centres to assemble together two,
three or six cyclodextrins.’>*> Covalent bond formation has been
widely used to form cyclodextrin multi-receptors, with method-
ologies based on thioether coupling,'® ester,” amide>>'"* or
ether* bond formation, and ring-closing metathesis.*® The
“covalent” route has led to architectures of linear dimers, dimers
in macrocylic structures, trimers or tetramers built around a
central core. We have been interested in the modulation of
photoinduced processes by photoactive centres appended on
cyclodextrin structures, with the aim of constructing wires and
junctions by host-guest assembly.>2¢

We identified the acetylenic functionality as the most ideal
to append to a cyclodextrin in order to build cyclodextrin
architectures with conductive acetylenic bridges. During the
course of our work, a heterocyclodextrin dimer was reported
based on Sonogashira coupling.”” Here, we present the synthesis
of an acetylene-functionalised cyclodextrin and its application
as a building block for supramolecular arrays, is demonstrated
with the synthesis of cyclodextrin dimers and trimers.

Results and discussion
Synthesis of the acetylenic cyclodextrin building block, 3

To attach a single acetylenic unit to a cyclodextrin, a pre-
cursor is required which has a single alcohol functionality,
unprotected or activated, with the remaining hydroxyl groups
protected. Following our approach for cyclodextrin—polypyridyl
ligands, we decided to utilise monofunctionalised permethylated
cyclodextrins, as this protection method makes the molecule

1 Electronic supplementary information (ESI) available: NMR spectra
of compounds 3 and 5-8. See DOI: 10.1039/b508607h

This journal is © The Royal Society of Chemistry 2005

soluble in a wide range of solvents, as well as making chro-
matographic purification simpler. We identified mono-6-O-
propargyl permethylated B-cyclodextrin 3 as an ideal target for
a supramolecular building block. It was prepared by two routes
based on Williamson ether couplings.

The first route investigated is shown in Scheme 1. The mono-
tosyl derivative of B-cyclodextrin was synthesised following
standard procedures.”®° Direct methylation of 1 with sodium
hydride and methyl iodide in DMF was attempted, and was
found to proceed smoothly, provided the temperature was
controlled and suitable dilution was used. This reaction has been
tested on a range of moderate scales, all forming 2 as the major
product. The synthesis of 2 in several steps has been reported
previously,® but we favour the direct methylation as a more
straightforward approach. Reaction of 2 with propargyl alcohol
and sodium hydride in DMF afforded the target acetylenic
cyclodextrin 3 in 50% yield. The progress of the reaction
was monitored by NMR, as it was found to be difficult to
follow by TLC due to similar retention factors of reactant and
product. A second route was investigated (Scheme 2), utilising
the Williamson ether coupling of monohydroxy permethylated
B-cyclodextrin,'3? based on substitution of propargyl bromide**

(OH)14 (OH)14
NaH
TosCl Mel
e E—
Pyridine DMF
(OH); (OH)g OTos
B-CD 1
(OMe)14 (OMe)14
Propargyl alcohol
NaH
—_——-
DMF
(OMe)14 OTos (OMe)1s O
b
2 3 NS

H

Scheme 1 Synthetic route 1 to 3 via a tosylated cyclodextrin derivative.
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Scheme 2 Synthetic route 2 to 3 via a hydroxy cyclodextrin derivative.

with the anion of 4, leading to product 3 in 65%. This reaction
was initially carried out in THF at elevated temperature; it was
found, subsequently, that the reaction proceeded faster in DMF
in the presence of tetracthylammonium iodide. Although this
route is slightly higher-yielding, it is disfavoured, as the pre-
cursor 4 can be more time-consuming to synthesise and purify.
Tosylation* of mono-6-hydroxy permethylated p-cyclodextrin 4
was also attempted, but it was not successful in our hands.

The product 3 was identified by its 'H NMR spectrum (Fig. 1),
and was characterised by 2D NMR studies and mass spectrom-
etry. A triplet at 2.4 ppm corresponds to the acetylenic proton
(H-c), while an apparent quartet of doublets centred at 4.2 ppm
represents the methylene protons of the propargyl group (H-a).
These couple in an AB pattern due to their diastereotopicity,
and are further coupled with the acetylene proton by a long-
range interaction mediated by the propargyl group. Analysis
by DEPT and HMBC spectra shows that the acetylenic carbon
atoms resonate at 80.0 ppm (C-c) and 74.5 ppm (C-b). C-6 of the
cyclodextrin appears at 68.9 ppm and the propargylic methylene
group (C-a) at approximately 60 ppm. The connectivity of the
propargyl substitution is confirmed by the HMBC spectrum
(Fig. 2), which displays correlations between the protons H-cand
carbon atoms C-b, C-c and C-6 of the substituted glucose unit.
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Fig. 1 The 500 MHz 'H NMR spectrum of 3 in CDCl;.

Mono-3,6-anhydro-heptakis(2,3-O-methyl)-hexakis(6-O-
methyl)-p-cyclodextrin

During the course of the synthesis of 2 from 1, an unexpected by-
product was encountered. This methylation step was previously
reported to be very sensitive to the reaction conditions, especially
the regulation of temperature.®® TLC analysis showed a small

4240

Org. Biomol. Chem., 2005, 3, 4239-4245

A

ppm

— . i i
j @'* # - o0
J A
i 65
i
- oe - o o
— . - g fe r
1 - 7
E————_

- 85

- 90

- 95

- 100

55 5.0 45 4.0 35 3.0 25 pem

Fig.2 HMBC plot of 3 in CDCl;.

amount (maximum yield 13%) of a slow-running material,
the proportion of which increased if the temperature was not
controlled carefully. This product was shown to be 5 (Scheme 3),
which is formed from an intramolecular displacement of the
tosylate group by the alcohol at the 3-position. This product
has been previously made independently by different routes
for its potential chiral recognition of guests and studies of
conformation effects on glycoside reactivity.3*” We report herein
the full characterisation of 5 by elemental analysis, mass
spectrometry and comprehensive NMR studies. A portfolio
of NMR techniques was employed to precisely determine the
structure and assign the shifts of this asymmetric compound
displaying highly complex 1D spectra.

MeO.
OMe
MeO
MeQ Me Me MeO

@)

MeO

Scheme 3 Mono-3,6-anhydro-heptakis(2,3-O-methyl)-hexakis(6-O-
methyl)-B-cyclodextrin, 5.

The '"H NMR spectrum of 5 (Fig. 3) is particularly characte-
ristic as it contains a distinct doublet for each anomeric proton,
rather than the usual multiplet seen for asymmetrically mono-
functionalised permethylated cyclodextrins such as that in
Fig. 1. The asymmetry of the molecule has been shown to arise
from distortion of the cavity imposed by the 'C, conformation
of the subunit containing the 3,6-anhydro group.*®** The HSQC
spectrum of 5 is shown in Fig. 4. The correlation between the
distinct signals for each of the anomeric positions is clearly seen
around 4.9-5.5 ppm and 96-100 ppm in the 'H and *C NMR
spectra, respectively. In the 3.0-3.7 ppm region of the 'H NMR
spectrum, the methoxy signals can be distinguished by their
correlation to the *C signals at 58-62 ppm, whereas the protons
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Fig. 3 The 500 MHz 'H NMR spectrum of 5 in CDCl;.
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Fig.4 HSQC NMR plot of 5 in CDCl,.

between 3.3-3.1 ppm correspond to the H-2 signals of rings 27,
correlating to the *C signals at 81-83 ppm. From the HOHAHA
spectrum it can be seen that the resonances that lie outside
the expected glucose regions are all associated with a single
glucose ring, assigned to the anhydro ring. It is expected that
distortion of this ring will lead to the shift of the glucose signals.
Working from H-1 (5.26 ppm), the COSY spectrum can be used
to identify H-2 (3.53 ppm), H-3 (4.57 ppm), H-4 (3.85 ppm)
and H-5 (4.38 ppm). Their respective carbon resonances are
identified using the HSQC spectrum. H-3 shows a three-bond
coupling to H-6 (4.09-3.85 ppm), confirming the connectivity
within the anhydro ring. The rings adjacent to the anhydro
ring can be identified using three-bond couplings from H-1 to
C-4 on neighbouring rings, while the individual protons and
carbons can be subsequently located by use of COSY, HMBC

(MeO)14
(OMe)14

e
Pd(PPh3)4
—_—
DMF / Etz;N

(OMe)14 O

X
H
3

(OMe)14

and HOHAHA spectra (see Supplementary Informationt).
Most of the 2-, 3-, and 6-methoxy groups can be located by their
three-bond couplings on the HMBC spectrum. Investigation of
the through-space coupling was performed with several NOE
experiments to assign the remaining methoxy signals, as well as
the order and connectivity of the glucose units in the ring. The
distinct diastereotopic H-6 protons of the anhydro unit were also
identified by the NOE of one of the protons (4.1 ppm) to H-1.

Synthesis of acetylene-bridged cyclodextrin extension wires and
junctions

Given the potential versatility of building block 3, attention
now turned to the construction of multi-receptor arrays linked
by conjugated acetylene and aromatic units. The acetylene
monomer was first subjected to standard Glaser—Hay coupling
conditions:** reaction with CuCl and TMEDA under dry air
swiftly gave the coupled product 6, in 52% yield (Scheme 4).
Analysis of the "H NMR spectrum confirms that dimerisation
has occurred, because the signal corresponding to the acetylenic
proton H-c has disappeared and the quartet of doublets (H-a)
at 4.2 ppm has become an AB pattern. Substitution of the triple
bond is also evident from the "C NMR and DEPT spectrum
(see Supplementary Informationt), with the acetylenic carbons
appearing as quaternary signals at 75.3 and 70.3 ppm.

(MeO)14
(OMe)14
\%
(OMe)4
(OMe)14 O
SN (MeO)44
3 H 6 (OMe)14

Scheme 4 Glaser—-Hay coupling of 3 to form dimer 6.

Palladium-catalysed cross-coupling reactions have been much
exploited in the construction of novel architectures.¢ Tt
was evident that the basic building block 3 could be reacted
with aryl halides, to give spatially organised multi-receptor
complexes; thus our first target was the phenyl-containing
dimer 7 (Scheme 5). This was synthesised using Pd(PPh;), in
a triethylamine/DMF mixture, following a procedure utilising
acetylene-functionalised sugars.”” The phenyl dimer 7 was
found to be the major product (yield 53%), although a small
amount of phenyl cyclodextrin monomer was also identified.
Full substitution of the central benzene is apparent by the
singlet at 7.3 ppm in the '"H NMR spectrum. The acetylene
carbons resonate at 87.2 and 85.5 ppm and the HMBC spectrum
(Supplementary Informationt) for this compound also shows
correlations between the propargylic methylene protons and the
aromatic carbon atoms.

Conditions used to synthesise the trimer 8 involved
Pd,(dba);-CHCI; in a triethylamine/DMF mixture,*® forming

(MeO)14

; (OMe)14

Scheme 5 Palladium-catalysed coupling of 3 to form dimer 7.
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Scheme 6 Palladium-catalysed coupling of 3 to form trimer 8.

the desired product in 82% yield (Scheme 6). The trisubstitution
of the benzene core of 8 is confirmed by the aromatic protons
appearing as a singlet at 7.3 ppm in the '"H NMR spectrum
(Supplementary Informationt). The acetylene carbon atoms
resonate at 86.7 and 84.0 ppm and further evidence for
substitution can be seen in the HMBC spectrum (Fig. 5), which
shows a correlation between the propargylic methylene protons
(H-a) and both aromatic carbon atoms. The aforementioned
conditions were found to be ideal — other attempts (including
Pd(PPh;), or Pd(PPh;),Cl, with Cul in triethylamine*>*) gave
either considerable amounts of the monomer bromobenzene
cyclodextrin or 6 as products.

ppm

£ 100
£ 110

£ 120

H £ 130
‘1 £ 140

46 45 44 43 42 ppm

Fig.5 HMBC plot of trimer 8 in CDCl;.

An interesting feature in the preparation of the cyclodextrin
dimers and trimers from the monomer 3 is the monitoring of
the characteristic signal of the propargylic methylene protons
at 0 = 4.2 ppm in compound 3. These protons appear as an
apparent quartet in dimer 6, an AB pattern in phenyl-bridged
dimer 7 and a broad singlet in trimer 8. The apparent reduction
in complexity of the NMR signals contrasts with the increased
architectural complexity of these systems.

In all the cyclodextrin architectures, MALDI-TOF mass spec-
trometry proved to be invaluable for analysing the compounds.
In all cases, well-resolved patterns have been recorded, and no
signals corresponding to incomplete substitution products have
been observed. IR spectra have not proved to be informative
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due to the large number of C-H and C-C bonds in the
cyclodextrin units that overshadow the weaker acetylene signals.
Weak signals have been observed for the characteristic C=C and
C-H stretches of the acetylene unit in 3.

UV-vis and fluorescence properties of dimer 7 and trimer 8

The UV-vis absorption spectrum of the cyclodextrin dimer 7
shows a broad manifold with distinct maxima at 282 nm and
269 nm (Fig. 6). The emission spectrum is the expected mirror
image of the absorption, with distinct maxima at 304 nm and
315 nm, attributed to n—n* fluorescence affected by the extensive
conjugation of the 1,4-disubstituted benzene system.

Absorption
Aysuajul uoissiwg

250 300 350 400 4-50
Alnm

Fig. 6 UV-vis (—) and fluorescence (---) spectra of dimer 7 in MeCN
(8.4 x 107* M).

The UV-vis spectrum of the trimer 8 (Fig. 7) shows a broad
band centred around 240 nm, with a shoulder that could be
attributed to an obscured sharp peak at 258 nm. Unexpectedly,
the emission spectrum (Fig. 7) of the trimer 8 did not appear
as the mirror image of the corresponding UV-vis spectrum.
It appeared as a more structured band with distinct peaks at
326 nm and 337 nm.

The difference in the shape of the spectra and Stokes shift
displayed by the trimer imply that the nature of the absorbing
and emitting states are different, whereas they are the same for
the dimer. The dimer 7 is fully conjugated in the ground and
excited states, whereas 8, with its meta substitution, does not
have the acetylene units in conjugation in the ground state, but a
degree of electronic coupling exists between them in the excited
state. Studies on similar systems have shown that the meta-
substituted molecule can undergo a relaxation after excitation,
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Fig.7 UV-vis (—) and fluorescence (---) spectra of trimer 8 in MeCN
(8.4 x 107 M).

as the excited acetylene units possess a degree of cumulenic
character. This leads to a change in nuclear geometry, which in
turn leads to a change in the energy of the emitting state.®® This
model explains the difference in shape of the absorption and
emission spectra and Stokes shift observed between the phenyl-
bridged dimer and trimer.

Conclusions

A new approach to the formation of multi-cyclodextrin archi-
tectures has been introduced, by using a new building block
based on an acetylenic cyclodextrin. This versatile cyclodextrin
derivative has been subjected to Glaser—-Hay and Sonogashira
couplings that lead to the formation of dimer and trimer
architectures. The acetylenic bond provides a connection module
for receptor structures that can be viewed as components in
molecular electronics based on our previous work for assembly
of electro-active metal centres based on cyclodextrins. The
substituted benzene architectures provide a tunable luminescent
core that can be modified, not only to desired lengths to control
the communication with guests inside the cyclodextrins, but also
to provide tailor-made photophysical properties. Further work
in the participation of these cyclodextrin dimers and trimers in
photophysical schemes with guests is underway.

Experimental
General

All reagents and solvents were used as supplied, unless stated
otherwise. B-Cyclodextrin (Aldrich) was recrystallised from
water and dried under vacuum at 80 °C for 8§ h. DMF was
dried over molecular sieves, pyridine was dried over KOH
pellets for 24 h and subsequently molecular sieves, N,N,N',N'-
Tetramethylethylenediamine (TMEDA) and triethylamine were
distilled from KOH, and DCM was distilled over CaH,. NMR
spectra were obtained on Bruker AC300, AV300 and DRX500
instruments. MALDI mass spectra were recorded on a Bruker
Biflex IV spectrometer, and electrospray mass spectra on a VG
Prospec mass spectrometer. Flash column chromatography was
performed on silica gel (Fluorochem, 40-63 um) or a Biotage
prepacked silica column, and thin layer chromatography on
Merck silica gel 60 F,s, glass plates. Cyclodextrins were detected
with an oxidising solution consisting of p-anisaldehyde—acetic
acid-methanol-sulfuric acid in a 2 : 45 : 430 : 22 ratio
followed by heating at around 100 °C. All reactions were
carried out under a nitrogen atmosphere unless otherwise
stated; standard Schlenk line techniques were used throughout.
Solutions were degassed by three freeze—pump-thaw cycles. 6-
p-Toluenesulfonyl B-cyclodextrin 13 and 6-monohydroxy per-
methylated B-cyclodextrin® were prepared following previously

published procedures. Luminescence spectra were recorded
on a Photon Technology International (PTI) QM-1 emission
spectrometer.®? Fluorescence spectra were not corrected for the
wavelength dependence of the photomultiplier tube response
due to limitations of the correction response of the instrument.

Mono(6-O-p-toluenesulfonyl) permethylated p-cyclodextrin 2

6-p-Toluenesulfonyl B-cyclodextrin (2.4 g, 1.9 mmol) was dis-
solved in dry DMF (250 cm?®) and cooled to 0 °C. Sodium hydride
(60% in mineral oil, 5.3 g, 130 mmol) was added carefully and
the mixture stirred at this temperature for 1 h, and subsequently
at room temperature for 1 h. The reaction mixture was then
cooled to 0 °C, and methyl iodide (37.6 g, 270 mmol) was added
dropwise. The reaction mixture was stirred at 0 °C for 1 h and
then was left to warm slowly to room temperature. After stirring
for 24 h, the mixture was cooled to 0 °C and methanol (25 cm?)
was added. The mixture was poured into ice-water (200 cm?)
and extracted with chloroform (5 x 100 cm?). The organic layer
was washed with 3% sodium thiosulfate (50 cm®) and water
(50 cm?), dried over Na,SO, and the solvent evaporated. The
residue was purified by column chromatography on silica eluting
with ethyl acetate containing 0.1% methanol to yield mono-6-0O-
p-toluenesulfonyl-permethylated B-cyclodextrin (2.2 g, 74%) asa
white solid (Found: C, 51.9; H, 7.7. Calcd for C¢,H,,,0;,S-H,O:
C, 52.2; H,7.5%). 4 (300 MHz, CDCl;) 7.76 (d, J 8.2, 2H),
7.36 (d, J 8.2, 2H), 5.18-4.99 (m, 7TH), 4.47 (d, J 10.3, 2H), 4.0—
2.96 (m, 100H), 2.45 (s, 3H); dc (75 MHz, CDCl,) 146.6, 135.1,
131.6, 129.6, 101.0-100.1, 83.8-81.2, 73.1, 71.8, 71.2, 63.4-62.9,
60.8-59.9, 23.2; m/z (ESI) 1591.9 (M + Na)*.

Mono(3,6-anhydro)-heptakis(2,3-O-methyl)-
hexakis(6-O-methyl)-p-cyclodextrin 5

(Found: C, 52.8; H, 7.5. Calcd for Cs;H,osOs4: C, 53.0; H, 7.7%).
84 (500 MHz, CDCL,) 5.53(d, J 3.6, 1H), 5.26 (d, J 2.5, 1H), 5.19
(d, J 3.1, 1H), 5.05(d, J 3.2, 1H), 5.02 (d, J 2.8, 1H), 4.98 (d, J
3.3, 1H), 4.85(d, J 3.7, 1H), 4.57 (t, J 4.7, 1H), 4.38 (br s, 1H),
4.15 (br d, J 10.0, 1H), 4.09 (d, J 10.5, 1H), 3.96-3.83 (m, 7H),
3.80-3.11 (m, 88H); 0. (125 MHz, CDCl;) 100.1,99.7,99.2, 99.0,
98.0,97.7,96.7, 82.9, 82.8, 82.5, 82.4,82.2, 81.9, 81.8, 81.7, 81.6
81.5,79.3,79.2,78.2,77.3,73.3,71.5,71.4,71.2,71.1,71.0, 70.9,
70.4,70.2,69.3,61.9,61.8,61.7,61.3,61.2,60.0, 59.1, 59.0, 58.9,
58.8, 58.6, 58.4, 58.2, 57.9, 57.8, 57.7; m/z (ESI) 14059 (M +
Na)*.

Mono(6-O-propargyl) permethylated p-cyclodextrin 3

Synthesis by Route 1. Propargyl alcohol (0.27 g, 4.8 mmol)
was dissolved in dry DMF (20 cm?) and sodium hydride (60%
in mineral oil, 153 mg, 3.8 mmol) was added. The mixture
was stirred at room temperature for 4 h, cooled to 0 °C
and mono(6-0-p-toluenesulfonyl) permethylated -cyclodextrin
(300 mg, 0.19 mmol) was added. The mixture was then stirred
at room temperature for 20 h, water (4 cm®) was added and
the solvents removed. The residue was taken up in chloroform
(30 c¢m®), washed with water (2 x 5 cm®), dried, and the
solvent removed. Purification by column chromatography on
silica (2.5% MeOH in EtOAc) yielded mono-6-O-propargyl
permethylated B-cyclodextrin (135 mg, 49%) as white solid
(Found: C, 53.8; H, 7.8. Calcd for Ci;H,,,0;5: C, 53.7; H, 7.8%).
ou (500 MHz, CDCl;) 5.12-5.09 (m, 7H, H-gl), 4.19 (ABX, J
2.3,15.9,21.2, 2H, H-a), 3.89 (dd, J 3.7, 10.6, 1H, H-g6), 3.84—
3.15 (m, 101H), 2.42 (t, J 2.3, 1H., H-¢); . (125 MHz, CDCl,)
99.1-99.0 (C-gl), 82.1, 81.8, 80.6-80.1, 80.0 (C-c), 74.5 (C-b),
71.4-70.7, 68.9, 61.5, 59.0-58.4; m/z (ESI) 1476 (M + Na)*.

Synthesis by Route 2. Monohydroxy permethylated (-
cyclodextrin (300 mg, 0.21 mmol) was dissolved in dry DMF
(5 cm?) and the solution cooled to 0 °C. Sodium hydride (60%
in mineral oil, 26 mg, 0.63 mmol), was added and the mixture
warmed to 50 °C for 45 min. After this time the mixture was
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cooled to 0 °C and propargyl bromide (80% in toluene, 0.16 g,
1.06 mmol) and a catalytic amount of tetrabutylammonium
iodide was added. The reaction mixture was stirred for 1 hat 0°C
and for 20 h at room temperature. Methanol (3 cm?®) was added at
0°Cto quench the excess NaH and the solvents were evaporated.
The residue was taken up in chloroform (40 cm?) and washed
with water (5 cm?). Purification by column chromatography
on silica (1% MeOH in EtOAc) yielded mono-6-O-propargyl
permethylated B-cyclodextrin as a white solid (199 mg, 65%).

Bis(mono-6-O-propargyl permethylated g-cyclodextrin)diyne 6

Copper(1) chloride (54 mg, 0.5 mmol) and TMEDA (64 mg,
0.5 mmol) were added successively to a solution of mono(6-
O-propargyl) permethylated B-cyclodextrin (77 mg, 0.05 mmol)
in dry dichloromethane (7 cm?). The dark green mixture was
stirred under dry air for 30 min, at which point water (1 cm?)
and dichloromethane (8 cm®) were added to the reaction mixture.
The organic layer was washed with water (2 x 1 cm®) until the
aqueous layer became colourless, the solvent removed and the
residue purified by column chromatography on silica (5-10%
MeOH in EtOAc) to yield 6 (40 mg, 52%) as a white solid
(Found: C, 53.6; H, 7.8. Calcd for C5,H,»O5: C, 53.8; H, 7.7).
Jn (500 MHz, CDCl;) 5.10 (m, 10H, H-gl), 5.08 (d, J 3.6, 2H,
H-gl), 5.05 (d, J 3.6, 2H, H-gl), 4.26 (AB, J 16.0, 30.1, 4H,
H-a), 3.93 (dd, J 4.0, 10.7, 2H, Hg-6), 3.85-3.14 (m, 202H); o
(125 MHz, CDCl;) 99.1-98.9 (C-g1), 82.1-81.9, 80.9, 80.5, 80.3,
80.2, 80.1, 75.3 (C=C), 71.7, 71.4-70.8, 70.3 (C=C), 68.9 (Cg-
6), 61.5, 61.4-61.3, 58.9-58.9, 58.5-58.4, 58.3; m/z (MALDI,
norharmane) 2931 (M + Na)*.

1,4-Bis(mono-6-O-propargyl permethylated
p-cyclodextrin)benzene 7

Mono(6-O-propargyl) permethylated B-cyclodextrin (100 mg,
0.1 mmol), and 1,4-diiodobenzene (10.3 mg, 0.031 mmol) were
dissolved in a mixture of triethylamine (2 cm®) and DMF
(2 cm?®). The solution was degassed, Pd(PPh;), (3.6 mg, 3.1 umol)
was added and the mixture stirred at 60 °C for 24 h. The
solvents were removed in vacuo and the residue was dissolved in
dichloromethane (30 cm®) and washed with water (2 x 3 cm?®).
The organic phase was evaporated and purified by column
chromatography on silica (4-10% MeOH in EtOAc) to yield
7 (54.2 mg, 53%) as a white solid (Found: C, 54.7; H, 7.9. Calcd
for C3sH1605: C, 54.5; H, 7.6%). Anx (MeCN)/nm 217.7(sh)
(¢/dm’® mol™' cm™" 23800), 256.0(sh) (20800), 269.3 (37300),
281.8 (39100), 294(sh) (4260); oy (500 MHz, CDCl;) 7.32 (s, 4H,
H-Ar), 5.14-5.10 (m, 14H, H-gl), 4.42 (AB, J 16.0, 19.3, 4H,
H-a), 4.01 (dd, J 4.0, 10.7, 2H, Hg-6), 3.88-3.14 (m, 202H); o
(125 MHz, CDCl;) 131.5(CH-Ar), 122.7 (C-Ar), 99.0-98.9 (C-
gl), 87.2 (C-b), 85.5 (C-c), 82.1-81.7, 80.6-80.1, 71.6, 71.4, 70.9,
68.8, 61.5-61.4, 59.2-58.4; m/z (MALDI, sinapinic acid) 3003
(M + Na)*.

1,3,5-Tris(mono-6-O-propargyl permethylated
p-cyclodextrin)benzene 8

Mono(6-O-propargyl) permethylated B-cyclodextrin (150 mg,
0.1 mmol), triphenylphosphine (3.6 mg, 0.014 mmol) and 1,3,5-
tribromobenzene (7.23 mg, 0.02 mmol) were dissolved in a
mixture of triethylamine (2 cm®) and DMF (2 cm?®). The
solution was degassed, Pd,(dba);-CHCI; (3.4 mg, 3.3 pmol)
was added and the mixture stirred at 70 °C for 6 h. The
solvents were removed in vacuo and the residue was dissolved
in dichloromethane (30 cm®) and washed with water (2 x
3 c¢m®). The organic phase was evaporated and purified by
column chromatography on silica (4-10% MeOH in EtOAc)
to yield 8 (73.1 mg, 82%) as a light yellow solid (Found: C,
53.4; H, 7.9. Calcd for Cy Hi30,05-5H,0: C, 53.4, H 7.7%).
Jmax (MeCN)/nm 240.6 (¢/dm® mol™' cm~" 50800), 258.3(sh)
(32700). oy (500 MHz, CDCl;) 7.34 (s, 3H, H-Ar), 5.14-5.08
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(m, 21H, H-gl), 4.38 (br s, 6H, H-a), 4.03(dd, J 3.0, 10.4, 3H,
Hg-6), 3.85-3.15 (m, 303H); d. (125 MHz, CDCl;) 134.3 (CH-
Ar), 123.4 (C-Ar), 99.1-98.9 (C-1), 86.7 (C-b), 84.0 (C-c), 82.1-
81.7, 80.8, 80.5, 80.4, 80.3, 80.2, 80.0, 71.7-70.9, 69.0, 61.5-61.3,
59.3-59.1; m/z (MALDI, sinapinic acid) 4454 (M + Na)*.
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In this perspective we give an overview of enantioselective
C-H activation at allylic sites by means of rhodium(ir)-
stabilized donor-acceptor-substituted carbenoids. This
methodology has been proven to be both an equivalent
to established asymmetric reaction sequences and a new
synthetic approach with no established counterpart in
organic synthesis.

Introduction

The functionalization of unreactive carbon—hydrogen bonds is
an active field of investigation."” Transition metal complexes
which undergo oxidative addition across the C-H bond have
been used with great success.**'?> However, developing truly
catalytic processes using this approach has been found to
be challenging. The active metal catalyst undergoes various
changes in its oxidation state during the reaction and the
regeneration of the catalytically active metal species is often
difficult.**> An alternative approach towards C-H activation
is metal carbenoid-induced C-H insertion.’®* Yet, efficient
processes using C-H insertions of carbenoids were limited
to intramolecular reactions, as intermolecular variants of this
reaction tended to give mixtures of products and suffered from
competing side reactions.'>*'7 Gratifyingly, in recent years it
became apparent that intermolecular carbene C—H insertion re-
actions have great synthetic appeal if donor-acceptor-stabilized

2g0/b10" 2SI MMM
0d0

carbenoids of structure 2 are employed (Scheme 1).'%2° Due to
the presence of a donor group (e.g. vinyl or aryl) these carbenoids
are much more attenuated in their reactivity and show greater
chemoselectivity than conventional carbenes which contain
only electron acceptor groups (e.g. ester, keto, phosphonate,
sulfonate, cyano or nitro)."*?' Carbenoids of structure 2 are
available from the decomposition of appropriately substituted
diazoacetates 1, which are readily prepared even on large scales
via diazo group transfer reactions.?

EWG | cnai EWG
N, = /" > LRh=
EDG EDG
1 2
R4
\
Rz_/C_H
R3 R1\ EWG
T R=C H
R;  EDG

EWG = CO;R, COR, PO(OR), SO;R, CN, NO,
EDG = vinyl or aryl

Scheme 1
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The decomposition of diazo compounds 1 can be catalyzed
by air-, moisture- and heat-stable dirhodium tetraprolinates like
Rh,(S-DOSP), (3a) or Rh,(S-TBSP), (3b). Second generation
catalysts with more elaborate ligands are the bridged variants
like Rh,(S-biDOSP), (4a) or Rh,(S-biTISP), (4b) (Fig. 1).
Furthermore, highly asymmetric induction can be obtained
routinely with these catalysts.”>*

a:Ar= p~C12H25C6H4 ha(S—DOSP)4
b: Ar = p-t-BuCgH4

Rhy(S-TBSP),

?OzAI’

|
SO,Ar

a:Ar= p-C12H25C6H4 Rhg(S—bIDOSP)Z
b: Ar = 2,4,6--PrCgHy Rhy(S-biTISP),

Fig. 1 Chiral rhodium(i)-prolinate catalysts.

Examples illustrating the synthetic usefulness of donor—
acceptor substituted carbenoids in conjunction with Rh(ir)-
prolinate catalysts are selective C—H insertion reactions o to het-
eroatoms such as nitrogen and oxygen and at benzylic sites.?*
This approach gives the opportunity to use the chemistry as a
strategic surrogate for conventional synthetic reactions such as
Mannich or aldol reactions.?**” Chemoselective C—H insertion at
a benzylic site offered an excellent opportunity to accomplish a
short and stereoselective synthesis of the lignans (+)-imperanene
and (—)-a-conidendrin.?

In depth discussions of various aspects of this work have been
published in four reviews.'®2%3! In this perspective we will focus
on C-H activation at allylic sites employing donor—acceptor-
stabilized Rh(ir)-carbenoids, which opens new routes to non-
conventional disconnection approaches in organic synthesis.

Allylic C—H insertions with aryldiazoacetates

A study published by Davies and coworkers first disclosed
that in reactions catalysed by Rh,(S-DOSP), at —50 °C,
donor-acceptor carbenoids prefer mono allylic C—H insertion
into 1,4-cyclohexadiene (5) over cyclopropanantion of the cis
double bonds (Table 1).3> Under the optimized conditions using
2,2-dimethylbutane (2,2-DMB) as solvent, the C—H insertion
product was formed in 80% yield and 91% ee. In comparison,
the cyclopropanation is by far the most favored process in
the reaction of 1,4-cyclohexadiene with ethyl diazoacetate.*®
When the reaction was conducted at room temperature, inferior
enantioselectivities for C—H insertion product 7 were observed.
Typically, these reactions are catalyzed with 1-2 mol% of Rh,(S-
DOSP), but much lower catalyst loadings have also been used
successfully.®>*

A similar trend was seen in the reaction of cyclohexene (9) with
phenyldiazoacetate 6a. A dramatic increase in enantioselectivity
in the formation of C-H insertion product (10) was observed
when a non polar solvent like 2,2-dimethylbutane (2,2-DMB)

Table 1 C-H activation of 1,4-cyclohexadiene

N2 gq
Ph” “CO,Me
@ Rh,(S-DOSP), ()>502Me
Ph” “CO,Me h
5 7 8
Temp./°C  Solvent Yield (%) Ratio7:8  Ee(7) (%)
—50 2,2-DMB 80 >98:2 91
rt CH,Cl, 98 >98:2 65
rt Pentane 50 >98:2 71
rt CF;CHs; 37 >98:2 72

Table 2 Solvent effect on enantioselectivity of allylic C-H insertion

N2
@ :: CO,Me
CO,Me

COzMe
ha(s DOSP),, 1t

9

Solvent Yield 10 + 11 (%) Ratio10:11  Ee 10 (%)
CH,Cl, 33 20: 80 75
2,2-DMB 73 21:79 93

was used (Table 2).* These findings are in full agreement
with results gained from earlier studies on cyclopropanation
indicating that non polar solvent systems like 2,2-DMB at
low temperatures give in general better stereoinduction in
Rh,(S-DOSP), catalyzed reactions.”®*? Tt is believed that these
conditions help stabilize the D,-symmetric conformation of the
Rh,(S-DOSP), catalyst.

Aryldiazoacetates (6a—d) also prefer C—H insertion over cy-
clopropanation in reactions with cycloheptatriene (12). Remark-
ably, less then 5% cyclopropanation product was observed and
high levels of enantioinduction could be achieved for reactions
carried out at —50 °C in a hydrocarbon solvent (Table 3).3¢
In these experiments ethyl diazoacetate once again showed
clear preference for cyclopropanation over C—H insertion. These
observations underpinned earlier results gained from C—H inser-
tion reactions of donor-acceptor-stabilized Rh(ir)-carbenoids
into alkanes showing that these carbenoids display unique
chemo- and stereoselectivity for C-H insertion reactions when
compared to conventional mono- or bis-acceptor substituted
carbenes.”’

The C-H activation chemistry of donor—acceptor-substituted
carbenoids is highly discriminating and can be strongly influ-
enced by electronic and steric effects. An interesting example
of this phenomenon is the C-H activation of N-Boc-1,2,3,6-
tetrahydropyridine (14) which afforded C-H insertion prod-
ucts 15 and 16 in 63% yield with the predominant erythro
diastereomer 15 being formed in 80% ee (Scheme 2).* No

Table 3 C-H activation of cycloheptatriene

N § 7
)J\ '
Ar CO,Me

Rh,(S-DOSP),
—_—

hexane, -50 °C

Ar CO,Me

6a-d 12 13a-d

13 Ar Yield [%0] Ee [%)]

a Ph 55 95

b p-Cl-Ph 64 95

[ p-CH;-Ph 60 94

d 2-Naphthyl 53 91
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N

6a
Boc )J\ y COaMe
I, 1 P "COMe N
Rhy(S-DOSP), . L P
_J 2.TFA, CH,Cly, 1t =
14 15 16
yield: 63%
de: 62%
ee (15): 80%; ee (16): 55%
| COMe 4 Rh,(S-DOSP),
+ Np
2. TFA, CHoCly, rt
N Ph-p-Br P2 HN
Boc”
MeO,C"" Ph-p-Br
17 6e 18
yield: 58%
ee: 85%
Scheme 2

cyclopropanation of the cis double bond in 14 was observed.
The only site of C-H activation was found to be the allylic
methylene group o to the nitrogen atom. At this position, the
build-up of positive charge occurring in the C—H insertion event
can efficiently be stabilized by the C=C double bond as well
as by the adjacent nitrogen atom. Electronic stabilization can
be counterbalanced by steric effects as the rhodium carbenoid
behaves as a sterically very encumbered species. Steric effects
are readily seen in the C—H activation of N-Boc protected amine
17 (Scheme 2). In this case, no C-H insertion occurs at the
electronically favoured allylic site, but instead C—H activation of
the N-methyl group occurs.*”*

Another class of compounds that display impressive se-
lectivity are protected allyl alcohols. The reaction of TBS-
ether 19 with two equivalents of p-bromophenyldiazoacetate
(6e) afforded aldol product 20 with very high yield (94%)
and diastereoselectivity (>94% de). In contrast, C—H insertion
products were formed in low yield in the reaction of 2-pentenyl
acetate (21) under identical conditions (Scheme 3). A much
better reaction was achieved when 5 equivalents of 21 were used,
although the product formed was derived from C—H activation
at the alternate allylic site.?

Reacting hexadienyl silyl ether 23 with p-bromophenyl-
diazoacetate (6e) yielded compound 24 with excellent regio-
and stereoselectivity. The analogous reaction with hexadienyl
acetate 25 afforded a mixture of 26 and 27, where the major
product 26 is derived from C-H insertion at the methyl site.
In this case the electronically deactivating effect of the acetoxy
group makes C—H insertion into an allylic methyl site dominate
over the normally more reactive methylene site (Scheme 4).2¢

Considerable difference in reactivity is seen in substrates with
potential C—H insertion sites neighbouring a siloxy or an acetoxy
group. For example, substrate 28, with differentially protected
alcohols, afforded 29 with excellent regio- and diastereoselectiv-
ity from C-H insertion adjacent to the activating siloxy group
(Scheme 5).%

Allylic C-H insertion a.to an oxygen atom also displays signifi-
cant dependence on steric effects: The high diastereoselectivity in
the formation of the protected aldol products (31) is independent
of the nature of the silyl group, but highest yields were observed
with the smallest silyl group (30a) (Table 4).%

The C-H activation strategy of allyl tert-butyldimethyl silyl
allyl ethers has been applied to a range of substrates.? The most
significant results are summarized in Table 5. The reaction of
phenyldiazoacetate (6a) with trans-cinnamyl TBS-ether afforded
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COMe - ch(s-DoSP
7 + N _Rna(SDOSPY 1
Ph-p-Br 50 °C OTBS
TBSO 2 equiv. p-Br-Ph
COzMe
19 6e 20
yield: 94%
de: >94%
ee: 62%
OAc OAc
CO,Me
7 . N2:< Rh,(S-DOSP), 7
——————-
-— Ph-p-Br 50 °C Me
0.25 equiv. p-Br-Ph
CO,Me
21 6e 22
yield: 68%
anti/syn: 2:1
ee anti: 76%
ee syn: 60%
Scheme 3

Table 4 Size influence of silyl group on C-H activation process

CO,M
y/am 2% Rhy(S-DOSP), /
N2 — =
Ph-pBr 50°C OSiR4
R4Si0 28 p-Br-Ph
CO,Me
30a-c 6e 31a-c
R,Si Yield (%) De (%) Ee (%)
a Me;Si 93 >94 65
b -BuMe,Si 71 >94 68
c t-BuPh,Si 64 >94 18

the C—H insertion product even at —25 °C in 94% yield (entry
1, Table 5). Due to the intrinsic stability of the donor—acceptor
substituted carbenoids, these reactions can be carried out with
the substrate as the limiting agent with even improved yields
(entries 2 vs. 3 and 4 vs. 5).

One of the most exciting aspects of C—H insertion chemistry
is that it offers new strategic reactions for organic synthesis. For
example, asymmetric allylic C-H insertion of silyl enol ethers
generates silyl-protected 1,5-dicarbonyl compounds normally
obtained from an asymmetric Michael addition (Scheme 6).*

From previous studies it had been established that highly
diastereoselective reactions at methylene sites are possible if the
methylene substituents are of different size.'”***' The reaction
of vinyl ether 38 with the aryldiazoacetate 6e afforded the
diastereomeric Michael products 39 and 40 in 81% overall yield
and a diastereomeric ratio of 81 : 19. The high selectivity of
the reaction is highlighted by the fact that only one pair of
diastereomers was formed despite the presence of three allylic
sites in 38 (Scheme 7).%°

Extension of this methodology to acyclic enol ethers 41a,b
afforded compounds 42a.b. Significantly improved diastereos-
electivity (>90%) was observed in these reactions presumably
because the methylene substituents (C=C(OSiR;)Ph and CH;)
are very different in size. At —30 °C, the enol ethers could be
used as the limiting reagent without loss of yield (Table 6).





Table 5

R R
Ar
/ C N :< Rh,(R-DOSP), /
2
Co,Me  temp. OTBS
TBSO Ar
CO,Me
32 6a,b 33-37
Entry R Ar Diazo (eq.) Temp./°C Product Yield (%) De (%) Ee (%)
1 Ph Ph 2.0 =25 33 94 > 94 88
2 Ph Ph 2.0 23 34 98 > 94 74
3 Ph Ph 0.5 23 35 73 > 94 77
4 CO,CH; p-Cl-Ph 2.0 23 36 93 > 94 48
5 CO,CH; p-Cl-Ph 0.5 23 37 34 > 94 514
“Reaction was conducted with Rh,(S-DOSP),.
OAc OAc
/ COMe  Rh,(S-DOSP), /
* N, / CO,Me
Php-Br  90°C / N, z Rh,(S-DOSP),
+ - =
- 2 equiv. OTBS Ph-p-Br  50°C
TBSO p-Br-Ph - 2 equiv. oTBS
CO,Me TBSO p-Br-Ph
23 6e 24 CO,Me
yield: 92% 28 6e 29
de: 92% iold: 929
ee: 79% gIeG: d>9%%/O
ee: 72%
Scheme 5
g
T COMe  Rn,(S-DOSP), RO R ,
/ + N, —_— N R
Ph-p-Br 50°C i X OTBS
, ratio 26:27 = 6:1 0 Ny + P
74 0.1 equiv. )\ o R2 R3
XN
R1
25 6e
Michael Allylic
addition C-H insertion
o} RZ O
OAc H
X R3
/) :
Scheme 6
/ * Table 6 Michael products from C-H activation of silyl enol ethers
OAc Ph OSiR; OSiRg
CO,M Rh,(S-DOSP
p-Br-Ph p-Br-Ph | . olvie 2( )4 | Ve
CO,Me 2 30°
2 CO,Me Ph-p-Br 30 °C
26 27 p-Br-Ph CO,Me
iald- 549 yield: 5%
gﬁ'%ﬁy‘: % de: 86% 41ab 6e 42ab
ee: 70%
R;Si Yield (%) De (%) Ee (%)
Scheme 4
a TIPS 66 > 90 71
b TBDPS 65 > 90 84

An appealing feature of the allylic C-H insertion is the
opportunity to introduce two stereocenters in a defined way
by virtue of one single catalytic reaction. The synthesis of
v,0-unsaturated esters, compounds normally assembled by an
asymmetric Claisen rearrangement, is an interesting example
of the strategic opportunities available through this chemistry

(Scheme 8).%

Table 7 summarizes the results obtained from C-H insertion
reactions into acyclic allylic substrates. Only traces of C-H
insertion (<4%) into the allylic methyl site were observed for
substrate 43a. In all instances, the major diastereomer 44 was

formed with high asymmetric induction (86-96% ee).*
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Table 7 Asymmetric Claisen rearrangement surrogate

Riw Ry Riw _Ro
CO,Me
Rh,(S-DOSP
o Rny(SDOSP); . e
Ph-p-Br rt
p-Br-Ph CO,Me
43a-c 6e 44a-c 45a-c
43 R, R, Yield (44 + 45) (%) Dr 44 : 45 (%) Ee (44) (%) Ee (45) (%)
a Me Me 67 75:25 86 66
b Et H 56 56:44 92 80
c Ph Ph 33 85: 15 96 30
OTIPS 94% ee highlights the possibility of incorporating heterocycles
Me COMe  Rp,(S-DOSP), via C-H insertion reactions. (Scheme 9).#
+ N, _
Php-Br 0°C N,
2 equiv Rhy(S-DOSP)
CO,Me 2 4
S rt
H
OTIPS o 47 7 l CO,Me
Me s
.
CO,Me 48
H
Ph-p-Br Ph-p-Br yield: 40%
de: 50%
39 40 ee: 94%
Scheme 9

yield (39+40): 81%
ratio 39:40: 81:19

oo (39): 89% Usinga C—H inserti h, kinetic resolution of racemi

ce (40)- 88% singa C-H insertion approach, kinetic resolution of racemic
substrate mixtures has been proven to be a very easy and reliable
process.** The Rh,(S-DOSP), catalyzed reaction of (+)-49 and
p-bromo-phenyldiazoacetate (6e) resulted in the formation of

Ry R C-H insertion products 50 and 51 in 93% combined yield

and a diastereomeric ratio of 98 : 2 (Table 8). In contrast,
Claisen Allylic
rearrangement R C-H insertion
1

the reaction of (+)-49 with Rh,(R-DOSP), was found to be a
/O Rz

Scheme 7 Michael products from C-H activation chemistry.

mismatched reaction with only 62% yield for compounds 50
and 51. In this reaction the diastereomeric ratio was reversed to
24 :76. Starting from a racemic mixture of (£)-a-pinene (49) a
very efficient kinetic resolution of the substrate produced C-H
insertion product 50 in 99% ee (Table 8).%

Allylic C-H activation via rhodium(ir)-catalysed insertion of
donor-acceptor carbenoids has found application in the asym-
metric synthesis of pharmaceutically interesting substances:
C-H insertion of heteroaryl diazo compound 52 into 1,4-
cyclohexadiene (5) set up the stereocenter in the asymmetric
synthesis of the antiepileptic drug cetiedil (54) (Scheme 10).%*
Again using 1,4-cyclohexadiene (5) as the substrate, the Rh,(S-
DOSP), catalysed reaction of 3,4-dichlorophenyldiazoacetate
(55) set up the required stereocenters in the very first step of
the synthesis of indatraline (57), a psychoactive substance with

o =

Scheme 8

C-H insertion with donor—acceptor carbenoids is not limited
to substituted phenyldiazoacetates. Although methyl thiophen-
3-yldiazoacetate (47) has been found to be unproductive in C-H
insertions with simple alkanes, it can be used in a straightforward
manner in allylic C—H insertion chemistry. The synthesis of 48 in

Table 8 Kinetic resolution of o-pinene

G CO,Me RhyLy O
O Ny= _ H +
Ph-p-Br CO;Me
p-Br-Ph
49 6e 50 51

49 Rh,L, Temp./°C Yield (%) Dr50:51 Ee (50) (%)
(+)0.5eq. Rh,(S-DOSP), 25 93 98:2 —
(+)0.5¢eq. Rh,(R-DOSP), 25 62 24:76 —

(£) 10.0 eq. Rh,(S-DOSP), 0 52 88:12 99
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N
(@) Rh,(S-DOSP),
O fymre 2,
SI o) 55%
5 52
N

Rh,(S-DOSP
CO,Me a )

- 4
+ _—_—
83% Cl

ol O CO,Me
cl cl

% |
oY T a0

g

53 54
(+)-cetiedil

57
(+)-indatraline

Scheme 10 Synthesis of (+)-cetiedil (54) and (+)-indatraline (57).

high binding and inhibitory affinity for neuronal monoamine
reuptake sites like the dopamine or serotonin transporter
(Scheme 10).#

Allylic C-H insertion with arylvinyldiazoacetates

Allylic C-H insertion with arylvinyl substituted Rh(1)-
carbenoids results in an unusual transformation. The reaction
of phenylvinyldiazoacetate (58) with 1,3-cyclohexadiene (59) did
not result in the formation of the expected C-H insertion prod-
uct but rather the 1,4-cyclohexadiene derivative 60 was isolated
in 63% yield and 98% ee (Table 9).** Bridged cycloheptene 61,
formed in a tandem cyclopropanation-Cope rearrangement*
was identified as a side product. The ratio in which compounds
60 and 61 are formed depends on the steric and electronic effects
(Table 9). For example, rhodium octanoate [Rh,(OOct),] and the
strongly electron deficient rhodium trifluoroacetate [Rh,(TFA),]
produced predominantly 61. So far, Rh,(S-DOSP), is the best
catalyst for limiting the cyclopropanation reaction.*

The same mode of reaction seen for diazo compound 58
was observed with carbenoids derived from diazo compounds
62 and 64 and in the reaction of 58 with cycloheptatriene
(12) (Scheme 11).2* A distinctive feature of the depicted
transformations is the exceptionally high enantioselectivity (97—
99% ee) routinely obtained.

Mechanistically, these reactions can be interpreted as a
combined C-H activation—Cope rearrangement (Scheme 12).

Table9 C-H activation of 1,3-cyclohexene with phenylvinyl-

diazoacetate
CO,Me
CO,Me ha|_4 2
N2
/ CO,Me
Ph
58 60 61
Rh,L, 60 : 61
Rh,(S-DOSP),* 84:16
Rh,(0OO0ct), 26:74
Rh,(TFA), 46 : 54

“ee 60: 98%.

)=

CO;Me  Rh,(S-DOSP),
. RSP0 © |
n CO,Me
62 63
yield: 73%
ee: 97%

©59

COMe  Rh,(S-DOSP),

N, -,

/ rt
Ph
64 65
yield: 60%
ee: 99%
Rh,(S-DOSP \\\\\
CO,Me 2(S-DOSP), CO,Me
N2
/ rt
Ph
58 66
yield: 56%
ee: 99%

Scheme 11

Using classical synthesis, preparation of compounds 60, 63, 65
and 66 would be conceivable by a sequence employing a Claisen
rearrangement followed by a Cope rearrangement (67 — 68 —
69, Scheme 12).2> Thus, the carbenoid chemistry represents
another promising disconnection strategy for synthesis.

The most obvious mechanism for the reaction of vinyldiazoac-
etates with allylic sites would be a C-H insertion followed by a
Cope rearrangement. This is not the case, however, because there
is no thermodynamic driving force for the Cope rearrangement
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(0] >
R2™ X RS
B
R3
67 68
lCope
R X _CO,Me
R2 |
R3
69
) R 77N
R /j . C-H activation R27TNX ’
3 N2 T\
R H R3S
CO,Me CO,Me

Scheme 12

of the C-H insertion product 70 to 60. Under the rhodium
catalysed reaction conditions, both 70 and 60 are stable, while
under forcing conditions 60 rearranges to 70 (Scheme 13).
Based on this observation, an alternative mechanism involving

a combined C-H activation-Cope rearrangement must be
occurring because the direct allylic C-H insertion product 70
is not a viable intermediate to 60.*

The combined C-H insertion—-Cope rearrangement is both
highly enantio- and diastereoselective. Reaction of phenylvinyl-
diazoacetate 58 with methylcyclohexene (71) at —20 °C afforded
72 virtually as one diastereomer in 98% ee (Scheme 14).* The
minor product was the direct C-H insertion product 73, which
was formed as a mixture of diastereomers. The Rh,(S-DOSP),
catalysed reaction of 58 with dihydropyranone 74 gave the C-H
insertion—-Cope product 75 in 87% yield, >98% de and 99% ee.
Direct C—H insertion product 76 and cyclopropane 77 combined
accounted for only 10% of the mass balance (Scheme 14).*

Cyclohexadiene 78, obtained in 99% ee from a combined C-H
activation—Cope reaction between 1,3-cyclohexadiene and 3,4-
dichlorophenylvinyldiazoacetate, is an excellent precursor for
the synthesis of the antidepressant drug (+)-sertraline (81). As
shown in Scheme 15, key intermediate 80 could be synthesized
with minimal racemization from 78.3

Dihydronaphthalenes are exceptional substrates for the com-
bined C-H activation—Cope rearrangement. From the reaction
of 4-methyl-1,2-dihydronaphthalene (82) and ethylvinyldiazo-
acetate (83) the C—H insertion-Cope rearrangement product 84
could be isolated in >98% de and 98% ee. Upon heating in
toluene, 84 underwent a retro-Cope rearrangement to form 85
(Scheme 16).* Complete stereocontrol occurs in the conversion
of 84 to 85, consistent with a chair transition state for the retro-
Cope rearrangement.

In certain systems, the retro-Cope rearrangement is so
favorable that the observed products are the apparent direct
C-H insertion products. This is seen in the reaction of the
dihydronaphthalene 82 with the phenylvinyldiazoacetate 58

Ph Ph (Scheme 17). The apparent direct C—H insertion product 87
Rh(ll), 59 [ o is isolated in 92% yield, >98% de and 98% ee.* The reaction
58 ---------- - .H.. © | proceeds via the combined C-H insertion—Cope rearrangement
rt COMe CO,Me to form 86 followed by an in situ retro-Cope rearrangement to
form 87.
Other products rather than just dihydronaphthalene deriva-
70 60 tives are accessible from this chemistry. The reaction with
{  RNn(ll), hexanes, reflux | siloxydihydronaphthalene 88 generates the formal C-H inser-
tion product 89 which is readily hydrolysed to ketone 90.
Scheme 13 The overall transformation is intriguing because it would be
Ve Ph,, X\ _CO,Me Me
Me Ph
CO2Me Rny(S-DOSP),
+ H
000 _
Co,Me
7 58 72 73
yield: 53%
de: >98%
ee: 98%
ratio 72:73 = 4.5:1
Ph,, _~X\_-CO,Me Me
COMe  Rp,(S-DOSP), 07N P
_— + H +
0
0o°C G o -
C_IOZMe
Ph
74 58 75 76 77
yield: 87%
de: >98%
ee: 99%
ratio 75:76:77 = 90:5:5
Scheme 14
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Cl
Cl
COzMe
78 79
ee 99% yield: 52%
ee 96%
III iv
‘ Cl ’ Cl
Cl Cl
81 80
(+)-sertraline yield: 79%
ee: 96%

Scheme 15 (i) DDQ, CoHy; (i) Ha, Pd/C; (iii) 6 M HCI; (iv) CISO,H.

the equivalent of a Michael addition to the keto tautomer
of 1-naphthol, clearly an impractical transformation. Via this
reaction cascade the rather elaborate formal Michael addition
product 90 was accessible from the keto tautomer of 1-naphthol

(88) in high yield, diastereoselectivity and enantioselectivity
(Scheme 18).* Another pathway is possible with 4-acetoxy-1,2-
dihydronaphthalene (91). The combined C-H activation/Cope
rearrangement occurs to form 92, which then aromatizes by
elimination of acetic acid to form the naphthalene derivative 93
in an unexpected aromatization reaction (Scheme 19).

Scheme 20 shows a predictive model developed to rationalize
the consistently observed high diastereo- and enantioselectivities
in the combined C-H activation—Cope and the combined C-
H activation-Cope-retro-Cope reaction.* In this model, the
catalyst is assumed to exist in a D,-symmetric conformation and
can be simplified as having two blocking groups arranged as in
94.% A front approach of the substrate over the vinyl group of
the carbenoid is required in order to allow for the C—H insertion—
Cope rearrangement to occur with a defined stereochemistry. A
retro-Cope rearrangement via a chair like transition state finally
generates 96 in the observed configuration.*

The combined C-H activation—Cope rearrangement installs
two defined stereocenters in one catalytic reaction step. This
methodology has the potential to be of general utility in
the construction of diterpenes such as erogorgiaene (97),
pseudopterosin aglycone (98) and colombiasin A (99) isolated
from the West Indian sea whip Pseudopterogorgia elisabethae
(Fig. 2).4® These compounds have found some interest in
recent years as antimycobacterial substances.**

The control of three stereocenters remote from any func-
tional group has proven to be challenging in the synthesis of
members of this class of natural products.*-* Parallel kinetic
resolution®*” of a racemic mixture of (£)-dihydronaphthalene
100 with vinyldiazoacetate 101 catalysed by Rh,(R-DOSP),, is a
very direct method to control the setup of all three stereocenters.
The C—H insertion—Cope product 103 was formed in 90% ee with
all three stereocenters in the same relative configuration as found

Et,,, X _-CO:Me

COMe  Rh,(s-DOSP), Me 110°C

—_—
“ O
H :
Et CO,Me
82 83 84 85

yield: 57% yield: 92%
de: >98% ee: 98%
ee: 98%

Scheme 16 Combined C-H activation—Cope rearrangement followed by a retro-Cope rearrangement.

Ph,,,

COMe  gp (s-DoSP), Me
B ———————

X _CO,Me

Ph
82 58 86 87
- - yield: 92%
de: >98%
ee: 98%
Scheme 17 Combined C-H activation—-Cope-retro-Cope rearrangement.
OTBS OTBS 0
CO,Me
Rh,(S-DOSP), 48% HF Ph
0°C
84%
H Z
COQMG
88 58 89 90
yield: 78%
de: >98%
ee: 95.2%
Scheme 18
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OAc _ _ Ph, X\ _CO,Me
Ph,, _~\_-CO,Me :

CO:Me gy, (s-DOSP), ACO
+ Ny O—» -

Ph
921 58 92 93
- - yield: 85%
ee: 99.6%

Scheme 19

5 H

g | & OH Me

— ,Rr R1 R2 —

1 ' C-HICope CO.Me HO

LIRZTINYT N U COsMe
: I H Me

R e H Me

R H H

= e

Me Me
94 95
97 98
(+)-erogorgiaene pseudopterosin aglycone
Cope
96
Scheme 20 Predictive model for C-H insertion—Cope rearrangement. 99
colombiasin A

in erogorgiaene (97) (Scheme 21).* In this reaction the (R)-100 Fig. 2 Diterpenes from Pseudopterogorgia elisabethae.

isomer was converted to cyclopropanation product 105. A 1 :

1 mixture of the C—H activation product 103 and cyclopropane natural product was isolated in 45% overall yield, highlighting
105 (and a trace of a diastereomeric cyclopropane) was formed in the efficiency of this kinetic resolution process.*®

a combined yield of 73%. Conversion of 103 to (+)-erogorgiaene An explanation for the parallel kinetic resolution is shown
(97) was achieved in four more steps. Based on (R)-100 the final in Scheme 21. Only (S5)-100 can undergo a matched C-H

Me
Me I I
(+)-100
% enantiodivergent transition states - 90%
(substrates approaching from front) en:
CO,Me Me

Ny

O ratio 103:105 = 1:1
e \
101 Me 3

104 105

Scheme 21 Parallel kinetic resolution via combined C-H insertion—Cope rearrangement.
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activation—Cope reaction with Rh,(R-DOSP),, whereas (R)-100
would have to approach the catalyst in a very unfavourable tra-
jectory in which the methyl group at the asymmetric carbon atom
points towards the catalyst in order to form the C-H activation—
Cope product (transition state 102 vs. 104).%® Furthermore, only
(S)-100 can undergo a matched cyclopropanation to form 105
via transition state 104.

Only a few examples of double C-H insertion using donor—
acceptor-substituted carbenoids have been described.”** Re-
cently, it was found, that electronically rich dihydronaphthalenes
like the 6-methoxy derivative 106 are excellent substrates for
double C-H insertion reactions.®® Using 3 equivalents of 58,
compound 107 could be isolated in 92% yield and in excellent
diastereoselectivity (>98% de) as well as enantioselectivity (99%
ee) (Scheme 22). In this reaction four defined stereocenters are
installed in one step.*

Me
MeO CO,Me  Rhy(S-DOSP),
+ N,
/ 50°C
Ph
3 equiv
106 58

MeO

107

yield: 92%

de: >98%

ee: > 99%
Scheme 22 Double C-H activation of 1,2-dihydro-6-methoxy-
4-methyl-naphthalene.

The mechanism of the apparent double C-H activation is
quite complex and involves a combined C—H activation—Cope
rearrangement-retro-Cope rearrangement. The timing of the
sequence is not clear, however, the second C-H activation
can effectively be performed on either a C-H activation—Cope
rearrangement product 84 (Scheme 23) or on a formal C-H
activation product 110. (Scheme 24).%°

Rh,(S-DOSP),

—_—

rt, 62%

Et,,, X _-CO.Me CO,Me
Me + N2:§

2 equiv
84 58
110 °C
—_—
87%
de: >98%
Scheme 23
CO,Me
Rh,(S-DOSP
N, u, 107
/ 50 °C
yield: 90%
Ph de: 91%
2 equiv
110 58
Scheme 24

One of the challenges of the combined C-H activation/Cope
rearrangement is to use substrates that do not undergo a
competing direct C-H activation, which is usually the thermo-
dynamic product (see Scheme 13). One way to circumvent this
problem would be to use allyl silyl ethers 109 as substrates.
In this case, the C—H activation product 110 would not be the
thermodynamically favored product because it would be capable
of undergoing a siloxy-Cope rearrangement to 111. Again,
from a strategic perspective, this would be useful because it
would be complementary to a sequential approach employing an
enantioselective aldol condensation (112 + 113 — 114) followed
by a siloxy Cope rearrangement of 110 to 111 (Scheme 25).

0]
R2
X AN
O o]
N2 R2 R2
108 C-H Insertion X AN Siloxy-Cope X =
= At
+ R3SiO R’ R3SIiO X R’
AN
109
o R3SiCl
R2
XM 1)
2
112 Aldol X R
—_—
' HO Z R!
OM R
113 114
Scheme 25
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Table 10 C-H activation-siloxy-Cope rearrangement

OSiR
RsSiO CO,Me ' 300 y
N Rhy(S-DOSP), 2Me
" +
A\ / t g7 P
R R2 R2
109a-e 115a-e 116a-e
R,Si R! R? Yield [%]*  115:116  De115(%)  BEell5(%)  Dell6(%)  Ee116 (%)

a TBS Me Ph 85 1.0:1.0 > 98 88 > 98 89

b TBS (E)-CH,;CH,=CH- Ph 69 1.0:2.5 > 98 91 > 98 92

¢ TBS C H; Ph 94 1.0: 1.4 > 98 91 > 98 91

d TBS Me Me 48 1.0:1.2 > 98 81 > 98 82

e TMS  Me Ph 82 10:13 > 98 90 > 98 91°
“ combined yield. ® Determined for the corresponding free aldehyde.

The C-H activation of allyl silyl ethers 109 with various NBn
vinyldiazoacetates leads to a mixture of the direct C-H ac- '
tivation products 115a—e and the combined C-H activation— 1. BnNH,, MgSO, Me 7
Cope rearrangement prgducts 1163—(?. Both sets of produgts are 2. H,, Pd/C Ph  CO,Me
formed with very high diastereoselectivity (>98% de) and similar o 118
enantioselectivity (81-92% ee) (Table 10).¢* Both sets of products | y yield: 30%
are stable under the reaction conditions. COMe de at C2: 33%

Unlike the previously described C—H activation—Cope reac- . |
tion the C—H activation—siloxy-Cope rearrangement offers the Me"
possibility to drive the reaction to completion by heating, i.e. Ph
to convert the direct C-H activation products 115 completely
to 116 via a thermal [3,3]-sigmatropic reaction. This conversion 17 o
is most advantageously achieved under microwave conditions Me Me COMe
which afforded 116d in 52% yield without loss of stereochemistry N* o

61 | \\ ClI
(Scheme 26). HO ) .
S Me Ph
20 mol%
OTBS microwave, KHMDS 20 mol% 19
CO,Me  carboflon rod, yield: 56%
190 °C, 70 min deat C2: 71%
—_—
Me = Scheme 27
Me
115d 116d References
éi:_kfg%%z’ 1 B. A. Arndtsen, R. G. Bergman, T. A. Mobley and T. H. Peterson,
ce: 82% Acc. Chem. Res., 1995, 28, 154-162.
2 R. H. Crabtree, J. Chem. Soc., Dalton Trans., 2001, 2437-2450.
Scheme 26 Microwave induced siloxy-Cope rearrangement. 3 G. Dyker, Angew. Chem., 1999, 111, 1808-1822; G. Dyker, Angew.

The C-H activation-siloxy-Cope rearrangement offers op-
portunities for the rapid synthesis of a range of compounds.
For example, deprotection of 116e afforded aldehyde 117 which
could be used as a building block in the synthesis of piperidine
118 or cyclopentenone 119 (Scheme 27).%

Conclusion and perspective

Allylic C-H activation with donor—acceptor-substituted car-
benoids displays unique chemo- and stereoselectivity in reac-
tions catalysed by rhodium(ir) prolinate Rh,(S-DOSP),. The
synthetic potential of this approach has been exploited in various
examples ranging from the synthesis of elaborate organic inter-
mediates for medicinal chemistry to total synthesis of natural
products. Allylic C-H activation of donor—acceptor carbenoids
has thereby been proven to be a reliable and handy complement
to known asymmetric methods and furthermore gives the
opportunity for novel asymmetric disconnection approaches
unprecedented in the arsenal of conventional organic synthesis
methodology.
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A fast and simplified synthesis of 1',2'-dideoxy-1'-pyrenyl-riboside and several other C-nucleosides is shown.
Shelf-stable 1-O-methyl-3,5-di-O-toluoyl-2-deoxyribose is demonstrated to serve as a versatile glycosyl donor in
Lewis acid promoted Friedel-Crafts alkylations of unsubstituted pyrene and other inexpensive arenes such as
fluorene and methylnaphthalene. The reaction conditions favour the formation of f-configurated C-nucleosides
which renders additional epimerisation steps unnecessary. As a result, protected B-aryl-C-nucleosides are available

directly from non-substituted arenes in three steps overall.

Introduction

The introduction of non-natural nucleobases into DNA pro-
vides a powerful tool to study DNA-DNA and DNA-protein
interactions." Amongst the numerous base analogues investi-
gated, polycyclic aryl groups are of particular interest due
to their supreme base stacking abilities.> Accordingly, aryl-C-
nucleosides have found an increasing number of applications.
After their incorporation into DNA-oligomers via phospho-
ramidite chemistry, the aryl-C-nucleosides have been used to
assess base stacking in DNA-DNA duplexes®* or to explore
the reaction mechanisms of DNA-polymerases® or DNA repair
enzymes.* Recently, Kool ez al.’ used different C-nucleosides as
building blocks for the synthesis of oligomeric lightsensitive flu-
orophores in a combinatorial approach. We synthesized aryl-C-
nucleosides with an aim to probe the mechanism of base flipping
DNA-methyltransferases such as MTuagl.® In these and other
studies* the pyrene C-nucleotide proved particularly valuable
due to its ability to fill the abasic site formed upon enzyme
mediated flipping of the target base out of the DNA helix.

In the synthesis of aryl-C-nucleosides such as 3, the 3-selective
formation of the C-glycosidic bond is a critical step. Various
routes to gain access to 1’-C-aryl-2'-deoxyribosides have been
developed.” For example, the establishment of a C-glycosidic
bond in phenyl, naphthyl and bipyridyl nucleosides was achieved
by using the reaction of protected ribonolactones with aryl-
lithium reagents and subsequent removal of the anomeric
hydroxyl group by triethylsilane reduction.®* C-nucleosides have
also been obtained by palladium-catalysed coupling of aryl
iodides with glycals and stannyl glycals.® One of the most
widely used synthetic methods is based on the coupling of
organocadmium compounds' (Ar,Cd) or, preferably, Normant-
cuprates® (Ar,CuMgX) with Hoffer’s chlorosugar? (2-deoxy-
3,5-di-O-toluoyl-D-ribofuranosyl chloride) 2 (Scheme 1). This
method yields the a-anomers 3a as major products which have
to be subjected to acid-mediated epimerisation'™** in order to
obtain the often desired, naturally configured B-anomers 3.

Most of the currently available procedures give relatively
low overall yields and require cumbersome and costly re-
action sequences to access suitable C-glycoside donors and
glycosyl acceptors. In comparison to organometal-mediated
coupling reactions of aryl halides with sophisticated glycosyl
donors, the direct alkylation of aryl compounds by glycosyl
cations is expected to provide significant advantages." In such
Friedel-Crafts alkylations, relatively simple glycosyl donors
such as chloro sugar 2 or methoxy sugar 1 may be employed
(Scheme 1)."® Moreover, the Lewis-acid conditions in Friedel-
Crafts alkylation favour the formation of B-configurated C-
nucleosides,'® rendering additional epimerisation steps un-

This journal is © The Royal Society of Chemistry 2005 |
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Scheme 1 Comparison of aryl C-nucleoside synthesis by organometal

reagents with Friedel-Crafts alkylation. (M = Cd or CuMgX, Tol =
toluoyl, X = halide).

necessary. It is also an advantage that unsubstituted arenes can
be employed instead of more expensive bromo- or iodoarenes.
Though simplicity, cost and conciseness argue for the Friedel-
Crafts glycosylation route, applications to the synthesis of
2'-deoxy-aryl-C-nucleosides are scarce,'® presumably due to
envisaged limitations as far as the generality of the method is
concerned. In the following we present a systematic study of
2'-deoxy-C-nucleoside synthesis by Friedel-Crafts alkylation.
It is shown that variation of the electronic properties of the
aryl aglycons demands careful optimisation of Lewis acid
promotors and glycosyl donors. Friedel-Crafts alkylation is
demonstrated to provide unparalleled rapid and cost-efficient
access to interesting B-aryl-C-nucleosides including pyrenyl,
fluorenyl and methylnaphthyl 2’-deoxy-C-ribosides.

Results

In the previous syntheses of pyrenyl nucleoside 4af(Ar = 1-
pyrenyl), 1-a-chloro-3,5-di-O-toluoyl-2-deoxyribose 2 was used
as glycosyl donor in coupling reactions with cadmium organyls
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Table 1 Results of the Friedel-Crafts alkylation of Hoffer’s chlorosugar 2 with pyrene

Entry Promoter (eq.) Time/min Solvent Yield of 3a (%) Ratio 3af : 3ae”
1 BF;-OEt, (1.3) 20 CH,Cl, 54 70:30
2 BF;-OE, (1.7) 20 CICH,CH,Cl1 52 70 : 30
3 AgBF, (1.1) 120 CH,Cl, 57 75:25
4 AgBF, (1.1) 60 CICH,CH,Cl 9 76:24

“ Selectivity determined by 'H-NMR-spectroscopy via comparison of the signal intensity of the anomeric protons.

Tolo BF,-OEt, or AgBF,,
CH,Cl,

—_—

0 1
e
Cl
OTol

2

TolO

+

OTol

3ap

+ o-anomer 3aa

Scheme 2 Coupling reaction of chlorosugar 2 with pyrene.

and Normant cuprates prepared from bromopyrene.®'" We
thought that the same donor could be employed in a Lewis-acid
promoted Friedel-Crafts reaction with non-substituted pyrene
(Scheme 2). Indeed, it was found that the mild Lewis acid boron
trifluoride etherate in dichloromethane was able to induce the
formation of toluoyl protected C-nucleoside 3ao/ which was
isolated in 54% yield (Table 1, entry 1). The a/p-selectivity of
the C-glycosylation was assessed by '"H-NMR and analytical
HPLC analysis. Under the Lewis acid conditions, product 3a was
formed as a mixture of anomers 3af} : 3ac of 7 : 3. The anomeric
mixture was separated by flash chromatography to afford the
pure B-anomer 3af in 33% yield. Friedel-Crafts alkylations
in dichoroethane often proceed with higher yields than in
dichloromethane. However, the BF;-promoted C-glycosylation
furnished almost identical yields in both solvents (Table 1,
entry 2). The milder Lewis acid silver tetrafluoroborate required
extension of the reaction time to 2 h in dichloromethane
(Table 1, entry 3). In this case, C-glycosylation occurred in
almost identical 57% yield with a slightly more favourable
selectivity of 3aP : 3aa of 75 : 25. The reaction with silver
tetrafluoroborate in dichloroethane instead of dichloromethane
under otherwise unchanged conditions led to the formation
of a new product (2R,3S)-2-hydroxy-5,5-dipyrenylpentyl 1,3-di-
toluoate 5 in 22% yield, while the desired compounds 3aa/
were obtained in only 9% yield. NMR-analysis ('H-; *C-, 'H-
'"H-COSY) and mass spectroscopy of the isolated new product
suggested the bispyrenyl structure 5 as product of a second

Friedel-Crafts-alkylation with the desired (o,B)-1’,2'-dideoxy-
I’-(1-pyrenyl)-3',5-di-O-toluoyl-ribose 3aa/ .

The 33% yield of pure B-pyrenyl C-nucleoside obtained by
Friedel-Crafts alkylation was considered as practically useful,
particularly when taking the cost and conciseness of the
synthesis into account. For that reason, we tested the scope of
the reaction by allowing chloro sugar 2 to react with anthracene
and fluorene as glycosyl acceptors. However, under the mildly
Lewis-acid conditions the reactivity of these arenes was too
low and the desired anthracenyl- and fluorenyl-C-nucleosides
were only formed in trace amounts. The use of stronger Lewis
acids such as SnCl, led to rapid decomposition of chloro sugar
2. Recently, methoxy sugars were demonstrated to serve as
suitable glycosyl donors in SnCl,-promoted C-glycosylation
reactions.’ In light of its ease of synthesis and long shelf life,
the application of 1-O-methyl-3,5-di-O-toluoyl-2-deoxyribose 1
appeared attractive (Scheme 3). Accordingly, the reaction of
methoxy sugar 1 with pyrene induced by addition of SnCl, was
studied. The desired pyrenyl-C-nucleoside 3ac/ was obtained
in yields and selectivities which compared well with the BF;-
promoted reactions. The pure B-anomer 3af} was isolated in
39% yield (Table 2). For the reaction of the less reactive arenes
fluorene, 1-methylnaphthalene, phenanthrene, benzothiophene
and thioanisole, it was deemed important to further increase
the Lewis acidity by adding silver trifluoroacetate (AgOTfa)."”
The reaction of fluorene with methoxysugar 1 in dichloroethane
proceeded smoothly under catalysis of tin tetrachloride/silver

Table 2 Results of the Friedel-Crafts alkylation of different arenes with methoxysugar 1 in dichloroethane

Arene Promoter (eq.) Temperature/°C Product Yield (%) B : aratio

Pyrene SnCl, (0.51) 0 3a 61 75:25

Pyrene* SnCl, (2.3) —15 3a 56 70: 30

Fluorene SnCl, (1.0), —15 3b 49 85:15
AgOTfa(1.5)

Benzothiophene SnCl, (1.0), —15 3c 45 76 : 24
AgOTfa(1.5)

1-Methylnaphthalene SnCl, (1.0), —15 3d 51 73:27
AgOTfa(1.5)

Thioanisole SnCl, (2.0), 20°C 3e 33 63:37
AgOTfa(1.5)

Phenanthrene SnCl, (2.0), 0°C No reaction — —

AgOTfa(1.5)

“Reaction in dichloromethane as solvent.
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Scheme 3 Friedel-Crafts glycosylation with methoxysugar 1.

trifluoroacetate (SnCl,/AgOTfa) to yield 41% of B-1,2'-
dideoxy-1'-(2-fluorenyl)-3',5'-di-O-toluoyl-ribose 3bf and 9%
of o-1',2'-dideoxy-1"-(2-fluorenyl)-3',5'-di- O-toluoyl-ribose 3ba
(Table 2). Changing the reaction conditions by using only SnCl,
as promoter or dichloromethane as solvent lead to significantly
decreased yields. Structures were verified by 'H- and "H-'H-
NOESY-NMR-spectroscopy (Fig. 1). The NOESY-spectrum of
the B-anomer showed characteristic interactions between HI’
and H2'a and also H3' and H2'} which proved the anomeric
configuration. The configuration at the fluorene was validated
by the cross peaks between the H9 protons of the fluorene and
the H1 proton which formed a singlet (Fig. 1).

The methoxy sugar 1 was allowed to react with benzothio-
phene and 1-methylnaphthalene. Promotion of C-glycosylation
by addition of the SnCl,/AgOTfa promotor combination re-
sulted in the formation of bis-toluoyl aryl-C-nucleosides 3ca/3
and 3da/P in 45% and 51% yield (Table 2). NMR-spectroscopy
("H-"C-HMBC, HMQC and 'H-'H-NOESY) confirmed the
supposed structures. In the case of the benzothiophene nu-
cleoside 3cp, the H2-proton shows no correlation with other
benzothiophene ring protons in the NOESY-NMR spectrum.
Electrophilic attack at the aromatic ring systems occurred at
the expected 3- and 4-positions of benzothiophene and 1-
methylnaphthalene, respectively.

Next, the C-glycosylation of thioanisole was examined as the
only monocyclic arene in this study. This reaction proceeded
sluggishly when performed with stoichiometric amounts of
SnCl, at —15 °C, which indicated that thioanisole is a less
powerful substrate than polycyclic arenes. However, through
increases of the SnCl,-promoter load (2 eq.) and reaction tem-
perature (20 °C) C-nucleoside 3ep was afforded in a moderate
21% yield. Furthermore, the Friedel-Crafts glycosylation of
phenanthrene and unsubstituted naphthalene was attempted.
The desired reaction products could not be detected.

Deprotection of the B-anomeric toluoylated 2'-desoxyribose-
C-nucleosides 3bp-3ef3 was carried out following standard pro-
cedures by treatment with sodium methoxide in dry methanol.
After column chromatography the corresponding unprotected
C-nucleosides 4 were obtained in good to excellent yields (72%—
95%).

Discussion

The reaction yields obtained in a given aryl-C-nucleoside
synthesis can be correlated with the reactivities of the arenes
used. The reactivity of an arene in Friedel-Crafts alkylations is
commonly characterised by means of its ¢} . parameters from
the Hammett-Brown relationship."”® Phenanthrene and naph-
thalene, which proved unreactive in SnCl,/AgOTfa-promoted

reactions with methoxy sugar 1, have the lowest reactivity,

3¢ TolO  H<

Fig. 1

TolO Ar TolO
O . 0]
Ar
OTol 3[.} 30 OTol
given by parameters of ¢* = — 0.39 and —0.35, respectively.
Fluorene (¢* = — 0.48), benzothiophene (¢ = — 0.54) and
I-methylnaphthalene (¢ = — 0.57) are more reactive arenes

and reacted successfully under promotion of SnCl,/AgOTfa. It
is conceivable that the thioether structure of benzothiophene
offers a coordination site to soft metal electrophiles which
might explain the need for over-stoichiometric loads of Lewis
acid. A further increase of arene reactivity requires the use of
milder reaction conditions. Therefore pyrene (¢* = — 0.68),
the most reactive arene examined in this study, was coupled
by using catalytic amounts of SnCl, to avoid side reactions
and decomposition of the desired products. Even milder Lewis
acids like BF; or AgBF, can be employed when increasing
the reactivity of the glycosyl donor such as in Friedel-Crafts
glycosylations with chloro sugar 2.

Aryl-C-nucleosides such as pyrenyl nucleoside 4af} have
emerged as powerful designer nucleotides to probe DNA-DNA
and DNA-protein interactions. We presumed that research in
the field would benefit if synthetic access to the required C-
glycosides was facilitated. To the best of our knowledge, the
Friedel-Crafts glycosylation route shown in Scheme 1 and
Scheme 3 provides the shortest route to aryl-C-nucleotide build-
ing blocks suitable for automated DNA-synthesis. Starting from
2-deoxyribose only two steps are needed for the synthesis of key
glycosyl donor 1." As a result of the B-selective Friedel-Crafts
glycosylation reaction, B-aryl-C-nucleosides 4 are available
directly from non-substituted arenes (¢* < —0.4) in four steps
overall.

Conclusion

In summary, we have developed a fast and simplified synthe-
sis of the known pyrene-C-nucleoside 4a and several other
new C-nucleosides via Friedel-Crafts alkylation using the
SnCl,/AgOTfa-promoter system or SnCl, and shelf-stable
methoxysugar 1 as glycosyl donor. Importantly, the Friedel-
Crafts glycosylation is in favour of the formation of f-anomers.
According to this convenient protocol and in contrast to most
other methods of aryl-C-nucleoside synthesis, additional steps
such as arene metallation or acid catalysed anomerisation
reactions are not required.

Experimental
General

Reagents and chemicals were obtained from Acros and
Lancaster and were used without further purification. Hof-
fer’s chlorosugar 2 was synthesised according to literature
procedures.” Dichloromethane was freshly distilled from CaH,,

3dp  TolO 3ef TolO H-

Aryl-C-nucleosides and important correlations in IH-1H-NOESY (dashed) and 1H-13C-HMBC (bold) NMR-spectra.
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dichloroethane was dried over molecular sieve MS 4 A. All
NMR spectra were recorded on a Bruker DPX-300 or a Bruker
AV 400 spectrometer. The signal of the residual protonated
solvent was used as a reference signal. Coupling constants
J are reported in Hz. Flash chromatography was performed
using Merck silica gel 60 (particle size 0.040-0.063 mm). TLC
was performed with aluminium-baked silica gel 60 F254 plates
(Merck). Analytical reversed phase HPLC was performed with
an Agilent 1100 series system. A Macherey & Nagel RP-C18 CC
125/4 Nucleosil C18 gravity column was used. As the mobile
phase a binary mixture of A (98.9% H,0/1% acetonitrile/0.1%
TFA) and B (98.9% acetonitrile/1% H,0/0.1% TFA) was used.
Products were eluted with the following gradient: 0-6 min (20%
B); 6-7 min (20-75% B); 7-27 min (75%B) and detected by
UV absorbance at 254 nm, where the relationship between the
extinction coefficients of 3af : 3aa is 1.14 as calibrated by a
mixture of known decomposition of 3aa/p.

Friedel-Crafts-alkylation with Hoffer’s chlorosugar 2; typical
procedure

To a solution of 81 mg of chlorosugar 2 (0.21 mmol) and 93 mg
of pyrene (0.47 mmol; 2 eq.) in dry dichloromethane (3 ml) was
added 45 mg silver tetrafluoroborate (0.23 mmol; 1.1 eq.) at
0 °C. After stirring at that temperature for 2 h the reaction
mixture was treated with 10 ml saturated aquous sodium
bicarbonate and extracted with 10 ml dichloromethane(x 3). The
combined organic layer was washed with saturated NaHCO;
solution (x3) and brine (x 1), dried over anhydrous MgSO, and
concentrated in vacuo. Flash chromatography (cyclohexane—
ethyl acetate 19:1) yielded 65 mg (0.12 mmol; 57%) of the de-
sired (a,B)-1",2’-dideoxy-1'-(1-pyrenyl)-3',5'-di-O-toluoyl-ribose
3ao/f.

B-1',2’-Dideoxy-1'-(1-pyrenyl)-3',5'-di- O-toluoyl-ribose 3ap''.
R;: 0.25 (cyclohexane-ethyl acetate 6 : 1); ,; (300 MHz, CDCl;)
8.31-7.95 (13H, m, Ar-H), 7.32 (2H, d, J 8.0, Ar-H), 7.17 (2H,
d, J 8.3, Ar-H), 6.29 (1H, dd, Juyuy, 10.7, Juy uyp 4.9, HL'),
5.74 (1H, dd, J 5.1, Juyyus 1.9, H3), 4.84-4.80 (2H, m, HY),
4.75-4.71 (1H, td, Juyus 3.5, Juyne 2.3, H4), 2.89 (1H, ddd,
Juwvamrs 13.9, Jur e 5.1, Juymyy 0.8, H2'0), 2.43-2.36 (1H, m,
H2'B), 2.45 (s, 3H, Ar-Me), 2.36 (s, 3H, Ar-Me); o. (75 MHz,
CDCl;) 166.5 (C,, -COOR), 166.3 (C,, -COOR),144.3 (C,, Ar),
143.9 (C,, Ar), 134.1-122.3(Ar-C), 83.4, 78.2, 77.4, 64.8, 41.6,
21.8 (Ar-Me), 21.7 (Ar-Me); HPLC: R;: 26.3 min; HRMS(EI):
m/z C;;H;3, 057 caled. 554.2093(M), found 554.2093.

0-1',2'-Dideoxy-1'-(1-pyrenyl)-3',5'-di- O-toluoyl-ribose 3aa''.
R;: 0.17 (cyclohexane—ethyl acetate 6 : 1); ,; (300 MHz, CDCl;)
8.34 (1H, d, J = 7.8, Ar-H), 8.22-7.86 (10H, m, Ar-H), 7.60
(2H, d, J 8.2, Ar-H), 7.27 2H, d, J 8.1, Ar-H), 7.08 (2H, d,
J 7.9, Ar-H); 6.39 (1H, dd, Juy urp 7.6, Juy mre 5.8, HI'), 5.77-
5.71 (1H, ddd, Juyurp 7.0, Juymre 3.7, Juyme 2.8, H3), 4.97
(1H, td, Juynusy 4.7, Juyue 2.8, H4), 473 (2H, m, HY'), 3.31
(1H, ddd, Juyonyp 13.5, Jurmyp 7.6, Juy wrp 7.0, H2'B), 2.50 (1H,
ddd, Juyemrp 13.5, Javmre 5.8, Juypre 3.7, H2'0), 2.43 (3H, s,
Ar-Me), 2.34 (3H, s, Ar—Me); 6. (75 MHz, CDCl;) 166.5 (C,,
-COOR), 166.1 (C,, -COOR), 144.0 (C,, Ar), 136.0 (C,, Ar),
131.4-122.4 ((Ar-C)), 82.6, 78.4, 76.5, 64.8, 40.6, 21.8 (Ar-
Me), 21.7 (Ar-Me); HPLC: R;: 25.0 min; HRMS(ESI): m/z
C;;H;,05Na* caled. 577.1985(M + Na*), found 577.1999.

(2R,35)-2-Hydroxy-5,5-dipyrenylpentyl 1,3-ditoluoate 5. R;:
0.10 (cyclohexane—ethyl acetate 4.5 : 1); oy (300 MHz, CDCl;)
8.57 (1H, d, J 9.3, Ar-H), 8.34 (1H, d, J 9.3, Ar—H), 8.32-7.93
(15H, m, Ar-H), 7.85 (1H, d, J 9.3, Ar-H), 7.74 (4H, m, Ar-H),
7.03 (4H, m, Ar-H), 6.44 (1H, t, Jysus 7.2, HS), 5.56 (1H, m,
H3), 4.53 (1H, dd, J. 11.4, Jy . 4.2, H1), 4.45-4.33 (2H, m,
HI1, H2), 3.16 (2H, t, J 6.6, H4), 3.03 (1H, br, -OH), 2.35 (s,
3H, Ar—Me), 2.30 (s, 3H, Ar-Me); 6. (75 MHz, CDCl;) 166.8,
166.5 (C,, -COOR), 166.1 (C,, -COOR), 144.0 (C,, Ar), 143.8
(C,, Ar), 138.7 (Cq, Ar), 137.0 (C,, Ar), 131.4-122.4,74.9, 72.2,
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65.5, 38.7,37.2, 21.7 (Ar-Me); HRMS(ESI): m/z C;H,,OsNa*
calcd. 779.2768(M + Na‘), found 779.2768.

Friedel-Crafts-alkylation with the methoxysugar 1; Typical
procedure. To a solution of 200 mg of 1-O-methyl-3,5-di-O-
toluoyl-2-deoxyribose 1 (0.52 mmol), 172.3 mg silver triflu-
oroacetate (0.78 mmol) and 218 pl of 1-methylnaphthalene
(1.56 mmol; 3 eq.) in dry dichloroethane (3 ml) was added
61 ul SnCl, (0.52 mmol; 1.0 eq.) at —15 °C. After stirring
for 10 min the reaction mixture was treated with 10 ml
saturated aqueous sodium bicarbonate and extracted with 20 ml
dichloromethane(x 3). The combined organic layer was washed
with saturated NaHCO; solution (x 3) and brine (x 1), dried over
anhydrous MgSO, and concentrated. Flash chromatography
(cyclohexane—ethyl acetate 19:1) yielded 96 mg (0.19 mmol; 37%)
of B-1',2’-dideoxy-1"-(1-(4-methyl)naphthyl)-3',5-di-O-toluoyl-
ribose 3dp and 35 mg (0.07 mmol; 14%) of a-1',2'-dideoxy-1'-
(1-(4-methyl)naphthyl)-3’,5'-di- O-toluoyl-ribose 3da.

p-1',2’-Dideoxy-1’-(1-(4-methyl)naphthyl)-3',5'-di- O-toluoyl-
ribose 3dp. R;: 0.40 (cyclohexane-ethyl acetate 4.5 : 1); dy
(300 MHz, CDCl;) 8.06-8.02 (4H, m, Ar-H), 7.93 (2H, d,
J 8.2, Ar-H), 7.66 (1H, d, J 7.3, Ar-H), 7.56-7.46 (2H,
m, Ar-H), 7.32-7.27 (3H, m, Ar-H), 7.19 (2H, d, J 8.0,
Ar-H), 5.96 (1H, dd, Juy uye 10.7, Juy urp 5.0, HY'), 5.67 (1H,
d, J 6.3, H3), 472 (2H, d, J 3.9, HY), 4.67-4.62 (1H, m,
H4), 2.78 (1H, ddd, Juyeurps 13.8, Jurmre 5.1, Juymre 1.1,
H2a), 2.68 (s, 3H, Ar-Me), 2.45 (s, 3H, Ar—Me), 2.39 (s, 3H,
Ar-Me), 2.32 (1H, ddd, Juyonrp 13.8, Jurmrp 10.8, Juy uyp 6.2,
H2'B); 6. (75 MHz, CDCL,) 166.5 (C,, -COOR), 166.2 (C,,
-COOR),144.2 (C,, Ar), 143.8 (C,, Ar), 134.6-122.1(Ar-C),
82.6, 78.0, 77.5, 64.7, 40.9, 21.8 (Ar—Me), 21.7 (Ar—Me), 19.6
(Ar—Me); MS(EI): m/z 494(M*, 10%), 358(M*—C,H;COOH,
8), 222(M*-2C,;H,COOH, 35), 169(1-(4-methyl)-naphthyl-
(CO)*,100); HRMS(ED): m/z C;,H30;5* caled. 494.2093(M),
found 494.2094.

a-1',2'-Dideoxy-1’-(1-(4-methyl)naphthyl)-3',5 -di- O-toluoyl-
ribose 3da. R;: 0.34 (cyclohexane-ethyl acetate 4.5 : 1); dy
(300 MHz, CDCl;) 8.06-7.13 (14H, m, Ar-H), 6.05 (1H, t, J
6.7, HY), 5.67 (1H, ddd, Juyuyp 6.6, Juyure 3.4, Juyue 3.4,
H3), 4.83 (1H, td, Juyuy 4.7, Juyuy 2.9, H4), 4.66 (2H, m,
HY), 3.17 (1H, ddd, Juyeurp 142, Juvmrs 7.3, Juymrp 7.3,
H2'B), 2.70 (3H, s, Ar-Me), 2.56 (1H, ddd, Jur,mrp 13.9,
Juvnre 1.1, Juy nre 2.0, H2'0), 2.41 (3H, s, Ar-Me); 2.37 (3H, s,
Ar-Me); 6. (75 MHz, CDCl;) 166.5 (C,, -COOR), 166.1 (C,,
-COOR),144.1 (C,, Ar), 1439 (C,, Ar), 136.1-122.1(Ar-C),
82.3, 78.1, 76.5, 65.2, 39.8, 21.8 (Ar-Me), 21.7 (Ar-Me), 19.6
(Ar-Me); HRMS(EI): m/z C;,H;Os* caled. 494.2093(M),
found 494.2093.

p-1',2’-Dideoxy-1'-(2-fluorenyl)-3',5'-di- O-toluoyl-ribose 3bf.
R;:0.42 (cyclohexane—ethyl acetate 4.5: 1);dy (400 MHz, CDCl,)
8.06-8.02 (4H, m, Ar—H), 7.93 (2H, d, J 8.2, Ar-H), 7.66 (1H,
d, J 7.3, Ar-H), 7.56-7.46 (2H, m, Ar-H), 7.32-7.27 (3H, m,
Ar-H), 7.19 2H, d, J 8.0, Ar-H), 5.64 (1H, dd, J 5.1, Juy us
1.2, H3), 5.33 (1H, dd, Jurnye 10.9, Juyurs 5.0, H'), 4.74-
4.64 (2H, m, HY), 4.67-4.62 (1H, td, Juyusy 3.9, Juyne 2.0,
H4'), 3.79 (d, 2H, CH,), 2.56 (1H, ddd, Juyeurp 13.7, Jurnre
5.0, Juymure 0.7, H2 ), 2.43 (s, 3H, Ar-Me), 2.38 (s, 3H, Ar-
Me), 2.29 (1H, ddd, Juyeurp 13.8, Juvmrp 11.0, Juynop 6.0,
H2'B); . (75 MHz, CDCl,;) 166.4 (C,, -COOR), 166.2 (C,, -
COOR), 144.2, 143.9, 143.7, 143.4, 141.6, 141.4, 139.3, 129.8,
129.7,129.2,127.1,127.0,126.7,125.0,124.8,122.5,119.9, 119.8,
83.0, 81.2, 77.4, 64.9, 42.1, 36.8, 21.8 (Ar-Me), 21.7 (Ar-Me);
MS(EI): m/z 518(M*, 14%), 382(M*-C,H,COOH, 4), 246(M*—
2C;H;COOH, 18), 169 (fluorenyl-(CO)*,100); HRMS(EI): m/z
Cy,H3,0;5* caled. 518.2093(M), found 518.2092.

a-1',2’-Dideoxy-1'-(2-fluorenyl)-3',5'-di- O-toluoyl-ribose 3ba.
R;:0.37 (cyclohexane—ethyl acetate 4.5: 1);dy (300 MHz, CDCl;)
8.97-7.06 (15H, m, Ar-H), 5.61 (1H, ddd, Juy py 6.8, Juy nr«





3.8, Juymy 3.0, H3), 543 (1H, t, J 6.7, HI"), 4.73 (1H, td,
Juy sy 4.8, Juyuy 3.0, H4), 4.58 (2H, m, HY'), 3.84 (s, 2H, CH,),
2.96 (1H, ddd, Juyeurp 14.0, Juvurps 7.1, Juyuy 7.1, H2'B),
2.40 (3H, s, Ar—Me), 2.32 (3H, s, Ar-Me); HRMS(EI): m/z
C;,H3,05* caled. 518.2093(M), found 518.2093.

B-1',2'-Dideoxy-1’'-(3-benzothiophenyl)-3',5' -di- O-toluoyl-
ribose 3cf. R;: 0.38 (cyclohexane-ethyl acetate 4.5 : 1); oy
(400 MHz, CDCl;) 8.00 (2H, d, J 8.2, Ar-H), 7.93 (2H, d, J 8.2,
Ar-H), 7.86 (2H, m, Ar-H), 7.46 (1H, s, Ar-H), 7.35-7.19 (6H,
m, Ar-H), 5.67 (1H, d, J 5.7, H3"), 5.59 (1H, dd, Ju sz, 10.6,
Jurnrp 5.2, HY'), 4.74-4.64 (2H, m, HY'), 4.58 (1H, td, Juy us
3.8, Juyuy 2.3, H4), 2.68 (1H, ddd, Juyeurp 13.6, Jurnra 5.2,
Juy e 0.9, H2'0), 2.44 (s, 3H, Ar-Me), 2.39 (s, 3H, Ar-Me),
2.50-2.40 (1H, m, H2'B); . (75 MHz, CDCl) 166.4 (C,,
-COOR), 166.2 (C,, -COOR), 144.2, 143.9, 141.0, 137.1, 135.6,
129.8, 129.7, 129.3, 129.2, 127.1, 127.0, 124.5, 124.1, 123.0,
122.6, 122.2, 82.8, 77.0, 76.9, 64.6, 39.7, 21.8 (Ar-Me), 21.7
(Ar-Me); HRMS(ESI): m/z C;,H;,0sNa* caled. 509.1393(M +
Na*), found 509.1392.

a-1',2'-Dideoxy-1’'-(3-benzothiophenyl)- 3,5’ -di- O-toluoyl-
ribose 3ca. R;: 0.33 (cyclohexane-ethyl acetate 4.5 : 1); oy
(300 MHz, CDCl;) 7.91 (2H, d, J 8.2, Ar-H), 7.85-7.77 (2H,
m, Ar-H), 7.70 2H, d, J 8.3, Ar-H), 7.39 (1H, d, J 1.0,Ar-H),
7.31-7.27 (2H, m, Ar-H), 7.19-7.10 (4H, m, Ar-H), 5.64-5.57
(2H, m, HI',HY'), 4.64 (1H, td, Juyny 4.6, Juyus 3.0, H4),
4.61-4.50 (2H, m, HY), 2.97 (1H, ddd, Juyeurp 13.8, Jururp
7.1, Juymrp 7.1, H2'B), 2.43 (1H, ddd, Juyeurp 13-8, S mre 5.9,
Juy e 3.7, H20), 2.34 (s, 3H, Ar-Me), 2.32 (s, 3H, Ar—Me);
d. (75 MHz, CDCl,) 166.4 (C,, -COOR), 166.2 (C,, -COOR),
144.1, 143.9, 141.0, 137.2, 136.9, 129.8, 129.7, 129.2, 129.1,
127.1, 126.8,124.5, 124.2, 123.0, 122.3, 122.2, 82.0, 77.3, 76.4,
64.6, 38.3, 21.7 (Ar-Me); HRMS(EI): m/z C;H;,05* calcd.
486.1501(M), found 486.1501.

B-1',2'-Dideoxy-1’-(4-(methylthio)phenyl)-3',5 -di- O-toluoyl-
ribose 3ef. R;: 0.41 (cyclohexane—ethyl acetate 4.5 : 1); oy
(400 MHz, CDCl;) 7.98 (2H, d, J 8.2, Ar-H), 7.94 (2H, d,
J 8.2, Ar-H), 7.33-7.19 (6H, m, Ar-H), 5.60 (1H, dd, J 5.2,
Juyne 1.1, H3), 5.21 (1H, dd, Juy e 10.9, Juyurp 5.1, HY),
4.69-4.59 (2H, m, HY'), 4.55-4.50 (1H, m, H4'), 2.51 (1H, dd,
Juyanrp 14.0, Juy pre 5.0, H2'0), 2.46 (s, 3H, -SMe), 2.43 (s, 3H,
Ar-Me), 2.40 (s, 3H, Ar-Me), 2.21 (1H, ddd, Juyeurp 13.8,
Jurnrp 11.0, Juy uyp 6.1, H2'B); 6. (75 MHz, CDCl;) 166.4 (C,,
-COOR), 166.1 (C,, -COOR), 144.2, 143.9, 138.0, 137.6, 129.7,
129.7, 129.2, 129.2, 126.7, 126.5, 83.0; 80.5, 77.3, 64.8, 41.7,
21.8 (Ar-Me), 21.7 (Ar-Me), 15.9 (-SMe); HRMS(ESI): m/z
C;,H;,0;5Na* caled. 499.1550(M + Na*), found 499.1550.

a-1',2’-Dideoxy-1’-(4-(methylthio)phenyl)-3',5'-di-O-toluoyl-
ribose 3ea. R;: 0.35 (cyclohexane-ethyl acetate 4.5 : 1); oy
(300 MHz, CDCl;) 8.06-7.13 (12H, m, Ar-H), 5.59 (1H, m,
H3), 5.33 (1H, t, J 6.6, H1"), 4.67 (1H, m, H4'), 2.91 (1H, ddd,
Juwvanrp 14.0, Juy wop 7.1, Juy urp 7.1, H2'B), 2.48 (3H, s, -SMe),
2.43 (3H, s, Ar-Me), 2.39 (3H, s, Ar-Me); J. (75 MHz, CDCl;)
166.1 (C,, -COOR), 166.1 (C,, -COOR),144.0 (C,, Ar), 143.7
(C,, Ar), 1394, 137.5, 129.7, 129.7, 129.2, 129.1, 126.8, 126.2,
82.1, 79.9, 76.4, 64.6, 40.4, 21.7 (Ar—Me), 21.7 (Ar—Me), 16.1
(Ar-Me)); HRMS(EI): m/z C3H; 05" caled. 476.1657(M),
found 476.1658.

Deprotection of toluoylated C-nucleosides; typical procedure

Sodium methoxide (107 mg, 3 eq.) was added to a solution of
330 mg of compund 3dp (0.66 mmol) in 5 ml of dry methanol.
After 6 h of stirring the solution was neutralised with solid
NH,CI until a pH of 8 is reached and water was added. The
aqueous layer was extracted three times with 30 ml of ethyl
acetate. The combined organic layers were dried over anhydrous
MgSO, and evaporated to dryness. Flash chromatography

CH,Cl,~CH;0H 100:3) yielded 164 mg (0.63 mmol; 95%) of
B-1',2’-dideoxy-1'-(1-(4-methyl)naphthyl)-ribose 3dp.

B-1’,2’-Dideoxy-1'-(1-(4-methyl)naphthyl)-ribose =~ 4dp. R;:
0.37 (ethyl acetate); dy (300 MHz, CDCI;) 8.08-8.02 (2H, m,
Ar-H), 7.56-7.51 (3H, m, Ar-H), 7.30 (1H, d, J 7.2, Ar-H),
5.88 (1H, dd, Juy sre 10.1, Juy urp 5.6, HI'), 4.88 (1H, m, H3'),
4.11 (1H, td, Juyuy = 3.8, Juyme = 4.1, H4), 3.85 2H, m,
HY'), 2.68 (s, 3H, Ar-Me), 2.47 (1H, ddd, Juyeurp 13.2, Jur nve
5.7, Juymre 2.2, H2:0), 2.32 (1H, ddd, Juyenrp 13.2, Jurnos
9.8, Juymrp 6.5, H2'B), 2.00 (br, 2H, OH); J. (75 MHz, CDCl,)
135.0, 134.3, 132.8, 130.8, 126.2, 125.8, 125.5, 124.9, 123.9,
121.7, 86.9, 77.2, 73.8, 63.4, 43.0(C-2), 19.6 (Ar—Me); MS(EI):
m/z C;¢H 305" calcd. 258.1(M), found 258.1.

p-1',2’-Dideoxy-1'-(1-pyrenyl)-ribose 4af. 185 mg (85%),
NMR- and MS-analysis confirmed the identity with previously
synthesized material.

B-1',2’-Dideoxy-1'-(2-fluorenyl)-ribose 4bp. 141 mg (72%);
R;: 0.37 (ethyl acetate); oy (300 MHz, methanol-d,) 7.77-7.72
(2H, m, Ar-H), 7.59 (1H, s, H1),7.52 (1H, d, J 7.5, Ar-H), 7.39-
7.23(3H, m, Ar-H), 5.19 (1H, dd, Jy4y > o 10.5, Ty nr 5 5.6, HY'),
4.34 (1H, m, H3), 3.97 (1H, td, Juy ny = 5.2, Juy ny = 2.4, H4),
3.86 (s, 2H, CH,), 3.70 (2H, m, HY'), 2.23 (1H, ddd, Juy.us
13.2, Juv v 5.4, Juy mya 1.7, H2'0)), 2.00 (1H, ddd, Juyonop 13.2,
Jur s 10.5, Juy o 6.1, H2'B); 6. (75 MHz, methanol-d,) 144.6,
144.6, 142.5, 141.6, 127.7, 127.7, 126.0, 126.0, 123.8, 120.7,
120.5, 89.1, 81.9, 74.4, 64.1, 45.1, 37.6; MS(EI): m/z C;sH;5O;*
calcd. 282.1(M), found 282.1.

B-1’,2’-Dideoxy-1'-(3-benzothiophenyl)-ribose 4cp. 112 mg
(82%); R;: 0.35 (ethyl acetate); oy (300 MHz, CDCl;-methanol-
d, 6:1)7.87-7.80 2H, m, Ar-H), 7.41 (1H, s, Ar-H), 7.39-7.32
(2H, m, Ar-H), 5.52 (1H, dd, Juy e 9.6, Juy nop 5.7, HY'), 4.42
(1H, m, H3), 4.02 (1H, td, Juy uy = 4.9, Juy ny = 3.4, H4'), 3.75
(2H7 d, Jn4/,ns’ = 5'05 HS/); 2.39 (IH» ddda an’u,nz’[s 133, Jm’.nz’u
5.9, Juyure 2.4, H2'0)), 2.22 (1H, ddd, Juyenrp 13.3, Jurnop 9.9,
Juy s 6.5, H2'B); 6. (75 MHz, CDCl;-methanol-d, 6:1) 140.9,
137.5, 136.5, 124.6, 124.2, 123.0, 122.3, 122.1, 87.3; 76.7, 75.7,
73.0,63.0,41.4; MS(EI): m/z C;;H,,0,S* caled. 250.1(M), found
250.1.

p-1',2’-Dideoxy-1"-(4-(methylthio)phenyl)-ribose 4ef. 17 mg
(quant.); R;: 0.42 (ethyl acetate); oy (300 MHz, CDCI;-
methanol-d, 6:1)7.27-7.15 (4H, m, Ar-H), 5.04 (1H, dd, Juy v
10.3, Jyy mop 5.6, HI'), 4.26 (1H, m, H3'), 3.88 (1H, td, Jyy sy =
5.1, Juyue = 2.8, H4), 3.63 (2H, m, HY'), 2.41 (s, 3H, SMe), 2.15
(1H, ddd, Juyeurp 13.2, T pre 5.6, Juy oo 1.9, H2'a1), 1.90 (1H,
ddd, Juyemrp 13.2, Jurvmrp 10.3, Juy urp 6.3, H2B); 6. (75 MHz,
CDCl;-methanol-d, 6:1) 138.1, 137.8, 126.6, 87.5, 79.8, 73.0,
63.0,43.3, 15.8; MS(ESI): m/z C;H,,O;SNa* calcd. 263.1(M +
Na*), found 263.2.
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New (tetrakis)imidazolium macrocyclic receptor systems of variable cavity size have been synthesised by stepwise
alkylation reactions of bis(imidazolium) precursor compounds. Proton NMR titration studies reveal the macrocycles
to strongly bind halide and benzoate anions, with two receptor systems displaying notable selectivity for fluoride in

competitive acetonitrile-water (9 : 1) solvent media.

1. Introduction

Stimulated by the important role negatively charged species play
in biological systems, medicine and the environment, interest in
the synthesis of new host molecules designed to recognize and
sense anions is ever increasing.! Positively charged ammonium,
guanidinium? and neutral amide, urea and pyrrole groups® have
all been incorporated into various molecular frameworks to
produce receptor systems capable of binding anions of diverse
sizes and geometries.

The imidazolium moiety has been recently shown to be an
effective motif for complexing anions via favourable electrostatic
interactions and hydrogen bonding.* Although various acyclic
imidazolium receptors have been described,>® synthetic routes to
macrocyclic analogues are rare, especially those containing more
than two imidazolium groups.” We report here the synthesis of
novel tetrakis(imidazolium) and benzimidazolium macrocyclic
receptor systems which strongly bind halide and benzoate
anions, with two receptors exhibiting notable selectively for flu-
oride anions in highly competitive aqueous—acetonitrile solvent
mixtures.

2. Results and discussion

2.1 Syntheses

In an effort to examine the synergy of multiple imida-
zolium moieties for anion binding, we designed new tetrakis-

+ Electronic supplementary information (ESI) available: Titration data,

imidazolium and benzimidazolium macrocyclic receptor sys-
tems, which may be considered as calix[4]imidazolium ana-
logues of calix[4]pyrrole.® Starting with commercially available
imidazole and benzimidazole derivatives, a cascade of simple
alkylation reactions was employed to synthesise the macrocycles
in good yields.

The synthesis of 1,3-bis(N-imidazolyl)propane 1 was achieved
by imidazole ring formation starting from commercially avali-
able N-(3-aminopropyl)imidazole (Scheme 1).° The reaction of
two equivalents of 1 with 1,3-diiodopropane gave the corre-
sponding imidazole-imidazolium compound 2 in 60% yield.
Reaction of 2 with a further equivalent of 1,3-diiodopropane
followed by anion exchange with NH,PF, (aq.) gave the cyclised
product 3 in 80% yield (Scheme 1). This remarkably high yield
for such a cyclised product suggests the iodide counteranions are
playing a significant templating role in macrocycle formation.
Indeed, chloride and bromide anions have been shown to
exhibit a templation role in the synthesis of bis(imidazolium)
macrocycles.'

An analogous synthetic procedure was used to obtain
tetrakis(benzimidazolium) receptors of three different macro-
cyclicsizes: 6,9 and 11 (Schemes 2-4). Benzimidazole precursors
4 and 7 were obtained from the alkylation of benzimidazole
with 1,3-dibromopropane and 1,4-dibromobutane respectively
(Schemes 2 and 3). For the synthesis of the four-fold sym-
metric receptor 6, two equivalents of 4 were reacted with
one equivalent of 1,3-dilodopropane to give 5 in 65% yield
(Scheme 2). Precursor 5 was then reacted with a further equiv-
alent of 1,3-diiodopropane to give macrocycle 6 in 31% yield

Job plots, ESMS data. See DOI: 10.1039/b510068b (Scheme 2).
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Reaction of two equivalents of 7 with 1,4-diiodobutane
afforded 8 in 46% yield. The butyl spaced macrocycle 9 was
prepared via reaction of 8 with 1,4-diiodobutane in 28% yield
(Scheme 3).

The reaction of 7 with 1,3-diiodopropane gave benzimida-
zole-benzimidazolium compound 10 and subsequent cyclisation
of 10 with a further equivalent of 1,3-diiodopropane afforded
receptor 11 in 30% yield after anion exchange with aqueous
NH,PF, (Scheme 4).

For comparison purposes a new acyclic tetrapodal im-
idazolium receptor was also prepared. The synthesis of
the tetrapodal resorcinarene cavitand imidazolium receptor
14 involved a simple alkylation reaction of imidazole with
tetra(bromomethyl)resorcinarene cavitand' 12 followed by re-
action with excess 1-bromohexane and anion exchanged to give
the pure product in 37% yield (Scheme 5).

All four new tetrakis(imidazolium) macrocycles 3, 6,9, 11 and
tetrapodal cavitand imidazolium receptor 14 were characterised
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by 'H, BC NMR (Fig. 1) spectroscopy, electrospray mass
spectrometry and elemental analysis.}

ArC
ArC NCH,
NCH
140 120 100 0
Chemlcal Shift (ppm)
Fig. 1 "*C NMR spectrum or receptor 9 in CD;CN.
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It is noteworthy that the high field '"H NMR spectra of
6 and 9 reveal a dominant singlet at around 9 ppm for the
respective methine (C-H)* imidazolium proton superimposed
upon a much less intense multiplet (Fig. 2 and 3). No evidence
of higher oligomers was seen in the electrospray mass spectrum
for any of the four macrocycles, only the one plus charged
species corresponding to the tetrameric products plus three
counter anions with a difference of one mass unit in the
respective isotope envelope pattern was observed. This implies
the additional multiplet resonances in this methine imidazolium
proton region are due to the presence of multiple conformers in
solution. Moreover, the '"H NMR spectrum of 6 also displays
more than one set of resonances assigned to the aromatic
protons of the benzimidazolium moieties (Fig. 2). Resembling
the known conformational isomers of calix[4]arenes, in principle
these macrocycles may adopt cone, 1,3-alternate, 1,2-alternate
and partial cone conformers in solution.'? Variable temperature
"H NMR spectroscopic experiments up to 100 °C in DMSO-d;
solution however, resulted in no significant changes in the NMR
spectra of the macrocycles.

CHz

ArH

Fig. 2 '"H NMR spectrum of receptor 6 in CD;CN.
NCH; CH,
NCH ArH
[
| Pl
9 8 7 6 5 4 3 2 1 0
Chemical Shift (ppm)
Fig. 3 '"H NMR spectrum of receptor 9 in CD;CN.

2.2 X-Ray crystal structures

Bis(benzimidazole) precursor compound 4 and receptor 11
were also characterised by single crystal X-ray crystallography.
Crystals of 4 suitable for X-ray structural analysis were grown by

the slow diffusion of diethyl ether into a chloroform solution of
4. The crystal system is orthorhombic and the molecule lies on a
site with no crystallographic symmetry, but closely approximates
to local twofold rotational symmetry (Fig. 4).

Fig. 4 Thermal ellipsoid plot of the bis(benzimidazole) precursor 4.
Thermal ellipsoids are drawn at the 40% probability level.

Crystals of 11 suitable for X-ray analysis were grown by the
slow evaporation of acetonitrile from a solution of receptor 11
in an acetonitrile-water mixture. The crystal system is triclinic
and the macrocyclic tetracation is located on a crystallographic
centre of inversion (Fig. 5). Two PF,~ ions (related by the
inversion centre) lie partly within the macrocyclic ring where
the four benzimidazolium moieties are arranged in a cis two up
two down 1,2-alternate conformation (Fig. 6).

Fig.5 Thermalellipsoid plot of the tetrakis(benzimidazolium) receptor
11. Thermal ellipsoids are drawn at the 50% probability level. The four
PF,~ counter anions and solvent molecules are omitted for clarity.

2.3 Anion binding studies

The complexation of halide and benzoate anions by the macro-
cyclic receptors 3, 6,9, 11 and cavitand 14 was investigated by '"H
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Fig. 6 Stick representation of receptor 11 in a 1,2-alternate conforma-
tion with two counter PF;~ anions lying partially within the macrocyclic
cavity.

NMR spectroscopic titration experiments. These anionic guests
were chosen for their variety in size, shape and charge density in
order to probe the differences in the host—guest binding prop-
erties of the receptors. Due to the solubility characteristics of
the macrocyclic receptors and their receptor—anion complexes,
a highly competitive solvent mixture of acetonitrile-d; and water
(9 : 1) was used throughout.

In all cases the addition of anions caused significant down-
field perturbations of the methine (C—H)* imidazolium proton
resonances of each receptor. Interestingly, with receptor 6 the
addition of 1 equivalent of TBA fluoride resulted in the methine
proton resonances simplifying to a singlet, which implies that
anion complexation results in a single conformer in solution
(Fig. 7).

B Y P T

Table 1  Stability constants (K, M™") for tetrakis(imidazolium) macro-
cycles with a range of anions®

Receptors
Anion 3 6 9 11 14
F- b >10* ¢ >10* 180
Cl- b 1100 ¢ 710 85
Br- b 1050 i 500 90
I~ 370 560 900 470 125
BzO- K, 1800 K, 1070 K,1700 K,2700 ©

K, 470 K, 1000 K, 940 K, 600

“Solvent = CD;CN-H,O 9 : 1, temperature = 295 K and errors
are + 10%. ® Mixed host-guest binding stoichiometry prevented the
calculation of a sensible stability constant value. ¢ Precipitation occurred
during titration. ¢ The stoichiometry of receptor—benzoate binding is 1 :
2. K, and K, are quoted in the table. ¢ Minimal changes observed in the
chemical shift of the imidazolium proton.

Monitoring the most intense imidazolium methine (C-H)*
proton resonance produced titration curves and Job plots (refer
to the electronic supplementary informationt) which, after
EQNMR,"® a least squares computer fitting program, analysis
of the titration binding isotherms (Fig. 8) gave stability constant
values displayed in Table 1.

Receptors 6 and 11 form extremely strong and selective 1 : 1
stoichiometric complexes with fluoride, with estimated stability
constant values of K >10* M~'. Attempts to repeat the titration
experiments with increasing amounts of water unfortunately led
to solubility problems. Stoichiometric 1 : 1 complexes were also
found with chloride, bromide and iodide anions with a halide
selectivity trend of F~ >> CI- =~ Br~ > I~ for receptor 6 and
F~>> CI" > Br- & I for the larger macrocycle 11 (Table 1).

Presumably these stable halide complexes result from the four
imidazolium moieties of 6 and 11 binding the halide anionic
guest in a cooperative manner forming strong imidazolium
(C-H)*-X~ hydrogen bonds. The equilibrium geometry of
macrocycle 6 with a bound fluoride anion was calculated using
Merck Molecular Force Field (MMFF) using the SPARTAN
04 modelling program' and reveals the fluoride anion to be
closely bound within the macrocyclic cavity to each of the ben-
zimidazolium moieties (Fig. 9). Similar equilibrium geometries
were calculated for both the larger chloride and bromide anions

10.0 9.5

9.0
_~~"Chemical Shift (ppm)

85 8.0

10.0 9.5

8.5 8.0

Chemical Shift (ppm)

Fig. 7 The aromatic region of the "H NMR spectra of receptor 6 upon the addition of 1 equivalent of TBAF to a CD;CN solution.
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Fig. 9 Molecular mechanics model for the 1 : 1 host-guest binding
between receptor 6 and fluoride calculated using SPARTAN 04.

however, indicating that the pronounced fluoride selectivity
exhibited by 6 has little to do with receptor cavity—anion size
complementarity. This suggests the more basic character of the
fluoride anion dictates the observed selectivity trends with these
macrocyclic receptors.

It is noteworthy that macrocycle 6 complexes chloride and
bromide anions with similar stability (K ca. 1100 M™"). A
comparison of the receptor stability constant values with iodide
reveals that 9 binds this halide guest anion most strongly, which
implies a degree of macrocycle size complementarity.

With receptor 3, a combination of 1 : 1 and 1 : 2 bind-
ing stoichiometries were observed with fluoride, chloride and
bromide. In a typical titration experiment a steady downfield
shift of the imidazolium protons was observed until ca. two
equivalents whereupon a large perturbation occurred indicative
of a change in binding stoichiometry (Fig. 10). Unfortunately,
it was not possible to determine stability constant values from
such titration isotherm data.

In contrast to macrocycles 6 and 11, the cavitand receptor
14 only weakly binds halide anions (Table 1) which presumably
reflects the tetrapodal receptor’s unfavourable cavity size and

'"H NMR titration data for the addition of the TBA salt of various halides to a CD;CN-H,O (9 : 1) solution of receptor 6.

9.2 4

9.1

w

ppm
[ ]

8.9

8.8

8.7 . ; : . ;
0 1 2 3 4 5 6 7 8
equivalents of anion added

Fig. 10 Titration curve of receptor 3 and TBA Cl monitoring the
methine proton in CD;CN-H,0 9 : 1.

lack of preorganisation. Indeed, molecular mechanics modelling
(SPARTAN 04)" of the cavitand receptor showed the upper rim
appended imidazolium moieties to be highly flexible resulting in
the absence of a preorganised binding site.

With the benzoate anion, a binding stoichiometry of 1 : 2
was obtained for all four macrocyclic receptors. The relative
size of the carboxylate anion may be responsible for this result.
Benzoate being an essentially planar molecule and larger than
the halide anions, cannot fit inside the macrocyclic cavities
of the receptors. Similar to the hexafluorophosphate anions
shown in the solid state structure of 11 (Fig. 6), benzoate
anions are likely to reside only partially within the macrocyclic
cavity of the receptors and hence the observation of 1 : 2
receptor—benzoate binding stoichiometry. The stability constant
values (K,) for the binding of the second benzoate are of
significant magnitudes (Table 1). This observation suggests the
presence of two independent binding sites for benzoate with
these macrocyclic systems which also, taking into account the
crystal structure of 11, suggests one benzoate anion may be
binding to each side of the receptor. Interestingly, there was
no evidence of cavitand receptor 14 binding benzoate in this
aqueous—acetonitrile solvent mixture.

3. Conclusions

New (tetrakis)imidazolium macrocyclic receptor systems of
various sizes have been prepared via sequential alkylation reac-
tions of bis(imidazolium) precursor derivatives. Proton NMR
titration investigations revealed the macrocycles to strongly
bind halide anions with two macrocycles 6 and 11 exhibiting
pronounced selectivity for binding fluoride in a competi-
tive aqueous—acetonitrile (CD;CN-H,O 9 : 1) solvent media.
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Table 2 Crystal dataf and refinement details for compounds 4 and 11

4 11
Chemical formula C;H (N, C,Hsy Fou N Py
Formula weight 276.34 1326.85
Temperature/K 150 150
Wavelength/A 0.71073 0.71073
Crystal system Orthorhombic Triclinic
Space group Pbcn P1
a/A 25.1991(4) 9.6741(2)
b/A 8.6736(2) 12.6292(2)
c/A 12.6158(2) 13.1081(2)
a (deg) 90 65.7093(10)
B (deg) 90 71.7542(9)
y (deg) 90 83.9297(7)
Cell volume/A’ 2757.40(9) 1385.83(4)
zZ 8 1
Calculated density/Mg m™ 1.331 1.590
Absorption coefficient/mm™' 0.082 0.262
Fo 1168 676

Crystal size/mm

Description of crystal

Absorption correction

Transmission coefficients (min, max)

0.20 x 0.20 x 0.40

Colourless prism

Semi-empirical from equivalent reflections
0.97,0.98

0.10 x 0.10 x 0.32

Colourless prism

Semi-empirical from equivalent reflections
0.92,0.97

0 range for data collection (deg) 50<06<275 50<0<275

Index ranges 0<h<32,0<k<lIl,0<iI<l16 —1l1<h<l12,—-14<k<16,0</<16
Reflections measured 18754 41262

Unique reflections 3564 6294

R 0.045 0.064

Observed reflections (I > 3a(1)) 2021 3552

Refinement method Full-matrix least-squares on F Full-matrix least-squares on F
Parameters refined 190 379

Weighting scheme Chebychev 3-term polynomial Chebychev 3-term polynomial
Goodness of fit 1.1219 1.1089

R 0.0337 0.0526

wR 0.0381 0.0611

Residual electron density (min, max)/e A~ —0.18, 0.19 —0.49, 0.62

Evidence for a macrocyclic cavity size effect comes from the
largest macrocycle 9 forming the strongest complex with iodide.

All four macrocycles complex the benzoate anion with a 1 :
2 receptor—anion binding stoichiometry. A new tetrapodal
cavitand imidazolium receptor was also synthesized and proved
to be an inferior anion complexing agent which modelling
studies attribute to the absence of a preorganised binding
site. This highlights the importance of the preorganised cyclic
(tetrakis)imidazolium receptor design for anion recognition
efficacy.

4. Experimental
4.1 General details

NMR spectra were recorded on Varian utility 300 and 500 MHz
spectrometers. Mass spectrometry was carried out on a Mi-
cromass LCT electrospray mass spectrometer (ESMS, cone
voltage = 20-50 V, desolvation temp. = 80 °C, source temp. =
60 °C). Elemental analysis was performed at the Inorganic
Chemistry Laboratory, Oxford. Crystal data (Table 2) was ob-
tained using Mo Ko radiation on an Enraf-~Nonius KappaCCD
diffractometer.i Crystals were mounted on a glass fibre and
cooled rapidly to 150 K in a stream of cold nitrogen using
an Oxford Cryosystems CRYOSTREAM unit. Intensity data
were processed using the DENZO-SMN package.”® Structures
were solved by direct methods using the SIR92 program.!®
Full-matrix least-squares refinement was carried out using the
CRYSTALS program suite."”” Hydrogen atoms were positioned
geometrically after each cycle of refinement. A Chebychev
polynomial weighting scheme was applied.

Molecular modelling studies were calculated using Merck
Molecular Force Field (MMFF) using the SPARTAN 04

1 CCDC reference numbers 283001 and 283002. For crystallographic
data in CIF or other electronic format see DOI: 10.1039/b510068b
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modelling program."* The molecular models were constructed
in three stages using SPARTAN. The geometry of the benzim-
idazolium moiety was first refined using the basic molecular
mechanics refinement in the program. The macrocyclic receptor
was constructed by linking the benzimidazolium moieties and
then its geometry was refined. The equilibrium geometry of the
macrocyclic receptor was calculated using the Merck Molecular
Force Field (MMFF). A variety of anions were then inserted
into the model of the receptor and, maximising the number of
hydrogen bonds, the equilibrium geometry of the receptor plus
anion was calculated using MMFF.

MMFF uses a two stage optimisation routine where atoms are
allowed to move large distances followed by small distances. The
full developmental details of MMFF can be found in reference
18.

4.2 Syntheses

Imidazole, benzimidazole and the alkylating agents used herein
were purchased from Sigma Aldrich whilst 3-aminopropyl
imidazole was purchased from Acros Organics and were used
without further purification. Tetra(bromomethyl)resorcinarene
cavitand 12 was synthesised via a literature procedure.!

1,3-Bis(imidazole)propane 1. N-(3-aminopropyl)imidazole
(6.30 g, 0.05 mol) in water (10 mL) was acidified to pH 2 with
an aqueous solution of phosphoric acid. Glyoxal (6 mL, 40%
ag., 0.05 mol) and formaldehyde (4 mL, 20% aq., 0.05 mol)
were added and the reaction mixture was warmed to 95 °C. An
aqueous solution of ammonium chloride (2.70 g, 0.05 mol) was
added drop wise to the reaction over 1 h. The reaction was
heated at 95 °C for a further 15 min and allowed to cool to
room temperature before cooling in an ice-water bath. Potassium
hydroxide (3.00 g) was dissolved in the cooled reaction mixture
and the product was extracted with dichloromethane. The
organic phase was washed with water and dried over anhydrous





magnesium sulfate. A pale yellow oil was obtained (0.50 g, 6%
yield) after the removal of solvent.

"HNMR (CDCl;, 288 K) ¢ (ppm) = 7.28 (s, 2H, NCHN), 6.88
(s,2H, NCHCHN), 6.74 (s, 2H, NCHCHN), 3.74 (t, 6.9 Hz, 4H,
N-CH,-), 2.10 (quintet, 6.9 Hz, 2H, -CH,-). MS (ESI positive
ion, MeOH): m/z 177 (M + H*).

Compound 2. 1,3-Bis(imidazole)propane (0.50 g, 2 eq.) and
1,3-diiodopropane (0.42 g, 1 eq.) were dissolved in dioxane
(100 mL) and refluxed for 24 h. The reaction mixture was cooled
to room temperature and the precipitate collected by filtration.
The light brown solid (0.6 g, 66% yield) was washed with diethyl
ether and dried in vacuo.

"H NMR (d,-acetone, 288 K) d (ppm) = 9.05 (s, 2H, NCHN),
8.89 (s, 2H, NCHN), 7.06-7.95 (m, 8H, NCHCHN), 4.33 (m,
12H, N-CH,-), 2.52 (m, 6H, -CH,-). MS (ESI positive ion,
MeOH): m/z 521 [M — I"]*.

Receptor 3. Compound 2 (0.20 g 1 eq.) and 1,3-
diiodopropane (0.10 g, 1 eq.) were dissolved in DMF (10 mL)
and stirred at 50 °C overnight. The solvent was removed
under reduced pressure and the residue was redissolved in
methanol (5 mL). A saturated aqueous solution of ammonium
hexafluorophosphate (5 mL) was added and heated to boiling.
The solvent volume was reduced to ca. 5 mL and the solution
was allowed to cool to room temperature. The precipitate was
collected and washed with water and methanol followed by
diethyl ether. The white solid (0.20 g, 80% yield) was dried under
vacuum.

"H NMR (CD;CN, 288 K) d (ppm) = 8.51 (s, 4H, imidazole),
7.46 (s, 8H, imidazole), 4.23 (t, 7.2 Hz, 16H, N-CH,-), 2.43
(quintet, 7.2 Hz, 8H, -CH,-). *C NMR (75 MHz, CD;CN,
288 K) 0 (ppm) = 136.26 (NCHN), 123.24 (NCHCHN), 46.84
(N-CH,-), 30.22 (CH,). MS (ESI positive ion, MeOH): m/z 363
[M — 2PF¢~. Anal. calcd for C,,H3 NP, Fo,: C, 28.35; H, 3.54;
N, 11.02. Found: C, 28.45; H, 3.51; N, 11.47.

1,3-Bis(benzimidazole)propane 4. Benzimidazole (3.50 g) in
THF (50 mL) was added drop wise to a suspension of NaH
(60% in mineral oil, 1.20 g) in THF (50 mL) at 0 °C. 1,3-
Dibromopropane (3.00 g) was added to the suspension when
gas production ceased. The reaction was stirred overnight
and filtered. The solvent was removed from the filtrate and
redissolved in dichloromethane (100 mL), which was then
washed with water (50 mL). The organic layer was dried over
anhydrous magnesium sulfate, filtered and the solvent was
removed in vacuo to give a pale yellow solid (3.50 g, 85% yield).

'"H NMR (CDCl,, 288 K) § (ppm) = 7.84 (m, 4H, NCHN),
7.29 (m, 6H, ArH), 4.17 (t, 6.6 Hz, 4H, N-CH,-), 2.52 (quintet,
6.6 Hz, 2H, -CH,-). MS (ESI positive ion, MeOH): m/z 277
M + HY).

Compound 5. 1,3-Bis(benzimidazole)propane 4 (0.50 g,
2 eq.) and 1,3-diiodopropane (0.42 g, 1 eq.) were dissolved in
dioxane (100 mL) and refluxed for 24 h. The reaction mixture
was cooled to room temperature and the precipitate collected.
Thelight brown solid (0.51 g, 65% yield) was washed with diethyl
ether and dried in vacuo.

"HNMR (d,-DMSO, 288 K) J (ppm) = 9.99 (m, 2H, NCHN),
9.79 (m, 2H, NCHN), 7.18-8.29 (m, 16H, ArH), 4.30-4.73 (m,
12H, N-CH,-), 2.52 (m, 6H, -CH,-). MS (ESI positive ion,
MeOH): m/z 721 M — T°]*.

Receptor 6. Compound 5 (0.50 g, 1 eq.) and 1,3-
diiodopropane (0.18 g, 1 eq.) were dissolved in DMF (10 mL)
and stirred at 50 °C overnight. The solvent was removed under
vacuum and the residue was redissolved in methanol (5 mL). A
saturated solution of ammonium hexafluorophosphate (5 mL)
was added and heated to boiling. The solvent volume was
reduced to ca. 10 mL and the solution was allowed to cool
to room temperature. The precipitate was collected and washed

with water and methanol followed by diethyl ether. The white
solid (0.19 g, 31% yield) was dried under vacuum.

'"H NMR (CD;CN, 288 K) ¢ (ppm) = 8.97 (m, 4H, NCHN),
8.01 (m, 2H, ArCH), 7.93 (m, 6H, ArCH), 7.79 (m, 2H, ArCH),
7.74 (m, 6H, ArCH), 4.62 (t, 7.2 Hz, 16H, N-CH,-), 2.65
(quintet, 7.2 Hz, 8H, -CH,-). *C NMR (75 MHz, CD;CN,
288 K) 0 (ppm) = 141.50 (NCHN), 131.97 (ArC), 128.02
(ArCH), 113.92 (ArCH), 44.8 (-NCH,-), 28.8 (CH,). MS (ESI
positive ion, MeCN): m/z 1071 [M — PF,"]*. Anal. calcd for
C,HuNgP,F,,.H,0: C, 38.88; H, 3.73; N, 9.08. Found: C, 38.84;
H, 3.84; N, 9.06.

1,4-Bis(benzimidazole)butane 7. The procedure for the
preparation of 7 was analogous to the synthesis of compound
4 using 1,4-di-bromobutane (3.30 g) was used instead of 1,3-
dibromopropane. The product was isolated as a white solid
(2.73 g, 66% yield).

'"H NMR (CDCl;, 288 K) ¢ (ppm) = 7.79 (m, 4H, NCHN),
7.29 (m, 6H, ArH), 4.12 (m, 4H, N-CH,-), 1.88 (m,4H,—CH,-).
MS (ESI positive ion, MeOH): m/z 291 (M + H*).

Compound 8. 1,3-Bis(benzimidazole)butane 5 (1.00 g, 2 eq.)
and 1,3-diiodobutane (0.53 g, 1 eq.) were dissolved in dioxane
(100 mL) and heated under reflux for 24 h. The reaction mixture
was cooled to room temperature and the precipitate collected.
The light brown solid (1.00 g, 46% yield) was washed with diethyl
ether and dried in vacuo.

"HNMR (d,-DMSO, 288 K) J (ppm) = 9.85 (m, 2H, NCHN)),
9.79 (m, 2H, NCHN), 7.18-8.29 (m, 16H, ArH), 4.55 (m, 8H,
N-CH,-), 4.31 (m, 4H, N-CH,-), 2.02 (m, 8H, -CH,-), 1.88
(m, 4H, —CH,-). MS (ESI positive ion, MeOH): m/z 763 (M —
)", 318 (M*).

Receptor 9. Compound 8 (0.50 g, 1 eq.) and 1,3-
diiodobutane (0.18 g, 1 eq.) were dissolved in DMF (10 mL)
and stirred at 50 °C overnight. The solvent was removed under
reduced pressure and the residue was redissolved in methanol
(5 mL). A saturated solution of ammonium hexafluorophos-
phate (5 mL) was added and heated to boiling. The solvent
volume was reduced to ca. 5 mL and the solution was allowed
to cool to room temperature. The precipitate was collected and
washed with water and methanol followed by diethyl ether. The
white solid (0.20 g, 30% yield) was dried under vacuum.

"HNMR (CD;CN, 288 K) J (ppm) = 8.95 (bs, 4H, NCHN),
7.86 (m, 8H, ArH), 7.69 (m, 8H, ArH), 4.47 (br, 16H, N-CH,-),
2.06 (br, 16H, -CH,~). *C NMR (75 MHz, CD;CN, 288 K)
(ppm) = 141.25 (NCHN), 131.95 (ArC), 127.59 (ArCH), 113.94
(ArCH), 47.09 (N-CH,-), 26.15 (-CH,-). MS (ESI positive ion,
MeCN): m/z 1127 [M — PF,"]*. Anal. calcd for C,,Hs, NP, Foy,:
C, 41.52; H, 4.12; N, 8.80. Found: C, 41.60; H, 4.10; N, 8.85.

Compound 10. 1,3-Bis(benzimidazole)butane 5 (1.00 g,
2 eq.) and 1,3-diiodopropane (0.53 g, 1 eq.) were dissolved in
dioxane (100 mL) and refluxed for 24 h. The reaction mixture
was cooled to room temperature and the precipitate collected by
filtration. The light brown solid (1.00 g, 46% yield) was washed
with diethyl ether and dried in vacuo.

"HNMR (d,-DMSO, 288 K) 6 (ppm) = 8.05 (s, 2H, NCHN)),
8.00 (s, 2H, NCHN), 7.14-7.82 (m, 16H, ArH), 4.14-4.60 (m,
12H, N-CH,-), 1.88 (br, 2H, -CH,-), 1.75 (br, 8H, -CH,-). MS
(ESI positive ion, MeOH): m/z 749 M — I")*.

Receptor 11. Compound 10 (0.50 g, 1 eq.) and 1,3-
diiodopropane (0.18 g, 1 eq.) were dissolved in DMF (10 mL)
and stirred at 50 °C overnight. The solvent was removed under
vacuum and the pale yellow solid washed with diethyl ether.
The solid was subsequently dissolved in the minimum amount
of methanol before the addition of a saturated aqueous solution
of NH,PF; (5 mL). The white solid (0.21 g, 94% yield) was
collected by filtration and was dried under vacuum.

'"H NMR (CD;CN, 288 K) ¢ (ppm) = 8.86-8.94 (m, 4H,
NCHN), 7.90 (m, 8H, ArH), 7.71 (m, 8H, ArH), 4.45-4.62 (brm,
16H, N-CH,-), 2.66 (br m, 4H, propyl CH,), 2.09 (br, 8H, butyl
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CH,). "C NMR (75 MHz, CD;CN, 288 K) ¢ (ppm) = 149.72
(NCHN), 132.00, 131.90 (ArC), 127.73, 127.84 (ArCH), 114.02,
113.80 (ArCH), 47.15 (N-CH,-), 44.70 (N-CH,-), 28.63, 26.07
(-CH,-); MS (ESI positive ion, MeCN): m/z 1099 [M — PF(]*.
Anal. caled for C,Hi NP, Foy: C,40.91; H, 3.97; N, 9.18. Found:
C, 40.53; H, 3.89; N, 9.00.

Tetra(bromomethyl)resorcinarene cavitand 12. Tetramethyl-
resorcinarene cavitand' (7.00 g, 8.02 mmol) and a catalytic
amount of AIBN were dissolved in 1,2-dichloroethane (150 mL).
NBS (7.00 g, 38.99 mmol) was added portionwise to the solution
which was then stirred at 80 °C under N, for 3 h. Additional
NBS (1.00 g) and AIBN (catalytic amount) were added at this
stage. The orange solution was then stirred at room temperature
for a further 18 h, after which time the solvent was removed
under reduced pressure. The resulting solid was stirred in EtOH
(150 mL) for 2 h and the resulting precipitate filtered off. This
solid was dissolved in CH,Cl, (20 mL) and layered with EtOH
(50 mL) in order to induce crystallisation. The resulting cream
crystals were collected and dried in vacuo (8.05 g, 84%).

'"H NMR (300 MHz, CDCl;) ¢ (ppm) = 7.11 (s, 4H, ArH),
6.01 (d, J = 6.6 Hz, 4H, OCH, [H,.]), 4.75 (t, J/ = 7.8 Hz,
4H, ArCH), 4.53 (d, J = 6.9 Hz, 4H, OCH, [H;,....]), 4.40 (s, 8H,
CH,Br), 2.17 (m, 8H, ArCHCH,), 1.33 (m, 24H, CH,), 0.89 (t,
J = 6.9 Hz, 12H, CH;). Anal. caled for CssHeBr,O5.5H,O: C,
56.16; H, 5.81; Found: C, 56.06; H, 5.68.

Tetra(imidazolylmethyl)resorcinarene cavitand 13. Tetra-
(bromomethyl)resorcinarene cavitand 12 (0.10 g, 0.10 mmol) in
THF (10 mL) was added dropwise to a suspension of imidazole
(25 mg, 0.40 mmol) and NaOH (0.05 g) in THF (50 mL). The
mixture was heated under reflux overnight, then the solvent
was removed in vacuo. The resulting residue was redissolved in
CH,Cl, (50 mL) and washed with water (2 x 50 mL). The organic
layer was dried over anhydrous MgSO,, filtered and a pale yellow
powder (0.10 g, yield 96%) was obtained after solvent removal.

"H NMR (300 MHz, CDCl;, 288 K) ¢ (ppm) = 7.38 (s, 4H,
NCHN), 7.16 (s, 4H, ArH), 6.99 (s, 4H, NCHCHN), 6.87 (s,
4H, NCHCHN), 5.90 (d, J = 6.6 Hz, 4H, OCH, [H,.]), 4.85
(s, 8H, N-CH,), 4.70 (t, J = 7.8 Hz, 4H, ArCH), 4.08 (d, J =
6.9 Hz, 4H, OCH, [Hi,n..]), 2.16 (m, 8H, ArCHCH,), 1.34 (m,
24H, CH,), 0.88 (t, J = 6.9 Hz, 12H, CH;). MS (ESI positive
ion, MeCN): m/z 1137 [M + H"].

Tetrakisimidazolium resorcinarene cavitand 14. Tetra(imida-
zolylmethyl)resorcinarene cavitand 13 (0.10 g, 0.10 mmol) and
1-bromohexane (5 mL, excess) in toluene (10 mL) were heated
under reflux for 3 d. The solvent was removed under vacuum
and the residue redissolved in MeOH (10 mL). Saturated
NH,PF; (aq., 5 mL) was added to the solution and the resulting
precipitate was collected by filtration. A pale yellow powder
(0.51 g, yield 37%) was obtained on drying in vacuo.

'"H NMR (300 MHz, CD;CN, 288 K) d(ppm) = 8.53 (s, 4H,
NCHN), 7.54 (s, 4H, ArH), 7.38 (s, 8H, NCHCHN), 6.23 (d, J
= 6.6 Hz, 4H, OCH, [H,...]), 5.13 (s, 8H, N-CH,), 4.68 (t, J =
7.8 Hz, 4H, ArCH), 4.55 (d, J = 6.9 Hz, 4H, OCH, [H;,...),
4.13 (t, J = 6.9 Hz, 8H, hexyl CH,), 2.16 (m, 8H, ArCHCH,),
1.82 (m, 8H, hexyl CH,), 1.38 (m, 24H, CH,), 3.15 (m, 24H,
hexyl CH,), 0.89 (m, 24H, CHj;). "C NMR (75 MHz, CD;CN,
288 K) 0 (ppm) = 153.2, 139.0, 135.5, 123.5, 122.6, 122.4, 121.0,
99.7,49.7,42.9,37.5, 31.8,30.7,29.4,27.2,25.3,22.3,22.1,13.4
and 13.2 ppm. MS (ESI positive ion, MeCN): m/z 883 [M —
2PF 1, 1912 [M — PF, |

4.3 'H NMR titration protocol

"H NMR spectroscopic titration experiments were carried out
at ca. 293 K on a 500 MHz Varian Utility Spectrometer. Data
were analysed using the computer fitting program EQNMRO.
For further details on the workings of the EQNMR computer
program please refer to Professor M. J. Hynes.”® To calculate
stability constants the binding stoichiometry must be known
and the rate of exchange between the complexed and the free
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receptor must be rapid on the NMR timescale. Therefore the
signal is a weighted average of the signals of the two species.

The procedure for "TH NMR titrations was as follows: 1.5 x
10~° moles of host was dissolved in 500 uL of 9 : 1 CD;CN-
H,O (so as to avoid deuterium exchange). 3 x 10~° moles of
TBA anion salt was dissolved in 400 pL of the same solvent
corresponding to one equivalent having a volume of 20 uL. A
proton NMR of the host was recorded and subsequently aliquots
of the anion solution were added to the host (11 x 0.2 eq., 2 x
04eq.,2x1leq.,1 x2eq.and 1 x 3 eq.). After each addition
of anion, another '"H NMR was recorded.
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1,5-Diisopropyl-6-oxo-verdazyl free radicals were synthesized via the condensation of BOC protected isopropyl
hydrazine with phosgene, deprotection with aqueous HCI, condensation with aldehydes to form tetrazanes and
finally oxidation to give the free radicals. The introduction of isopropyl groups results in free radicals that show
greater solubility in a variety of solvents and are more stable than their methyl substituted counterparts. ESR shows
reduced hyperfine coupling to the isopropyl methine hydrogens consistent with this hydrogen being in the plane of the

verdazyl ring.

Introduction

Stable free radicals, in addition to their intrinsic interest, are
important in a variety of applications. Recent examples include
spin labels to probe polymer structure,! catalysts for ‘living’ free
radical polymerizations* and components of metallo-organic
polymers with unusual magnetic properties.** Despite their
utility, there are a only a limited number of stable free radical
families. Nitroxides and the closely related imino nitroxides and
nitronyl nitroxides are probably the most extensively studied,
however other systems such as semiquinones and verdazyls may
also have potential applications.® In particular the 1,5-dimethyl-
6-oxoverdazyls (1) are relatively easily synthesized with a variety
of functional groups in the 3 position.’

1 1. R'=R%=CHj
1R 1_p5
N~ 2. R'=R%=CH,Ph
3. R'=R%=R%=ph

R '?‘

O
A
4N¥N2
R3

With the nitrogen atoms in the 2 and 4 positions available
to coordinate metal ions, these systems have potential for a
wide variety of applications. Unfortunately, the stability of these
systems is variable depending on the nature of the substituent in
the 3 position. While the radicals can frequently be characterized
by ESR, this instability can hinder further study. This is
particularly frustrating with potential ligands such as the 3-
(2’-pyridyl)- (1a) and 3-(2’-imidazolyl) (1¢) substituted species.
Several coordination compounds of the former have been
reported,® ' but the free radical itself must be stored in the long
term either as the charge transfer complex with hydroquinone,'
or under liquid nitrogen.'> We were interested in the introduction
of alternative alkyl groups in the 1 and 5 positions, in particular
to increase radical stability and solubility and also to control
coordination geometry. Specifically we chose to target the 1,5-
diisopropyl system. Calculations suggest that the preferred
conformation for these radicals places the two isopropyl methyl
groups above and below the plane of the verdazyl ring. Such

1 Electronic supplementary information (ESI) available: Experimental
details of the synthesis and characterization of tetrazanes 7b—g and
verdazyls 8b—g. See DOI: 10.1039/b510075¢

i Present Address: Department of Chemistry, Santa Clara University,

a conformation provides some steric protection for the free
radical, while still allowing the coordination of metal ions to
N? and N*.

The synthesis of 1,5-dimethyl-6-oxoverdazyls typically pro-
ceeds through the reaction of methyl hydrazine with phosgene to
form a bis-hydrazide, followed by condensation with an aldehyde
to form a tetrazane and subsequent oxidation to give the
verdazyl (Scheme 1).”“*Introduction of alternate alkyl groups
is limited by the availability of the corresponding hydrazine
and the regiochemistry of the condensation with phosgene. We
report a synthesis of 1,5-diisopropyl verdazyls utilizing the BOC
protecting group to circumvent these problems.

Experimental
General

NMR spectra were recorded on a JEOL Eclipse+ 300 MHz
FTNMR spectrometer and referenced to the residual solvent
protons in the deuterated solvent. Coupling constants are
reported in Hz. IR spectra were recorded as thin films on NaCl
plates using a Perkin-Elmer Spectrum 2000 FTIR spectrometer.
Mass spectra were recorded on an Agilent 1100 series ion trap
spectrometer with electrospray ionization using 0.1 M ammo-
nium acetate in ethanol as solvent or on a Hewlett-Packard
6890 GCMS with electron impact ionization. ESR spectra were
recorded on a Bruker ESP300e X band spectrometer or a Varian
E-12 X band spectrometer with an HP model 5245L frequency
counter. Samples for ESR were dissolved in toluene (~5 x
10~* mol L") and degassed via three freeze(77 K)—pump(0.1
Torr)-thaw cycles before measurement. The field was calibrated
by placing a dilute sample of MnO in CaO next to the sample.
The resonant field positions of the Mn?* lines were computed
by 4th order perturbation theory and the appropriate field
correction was applied to all spectra. ESR spectra were simulated
with the program WINSIM.*

Di-tert-butyl-2,2’-carbonylbis-(2-isopropylhydrazine-
carboxylate) (5)

tert-Butyl 2-isopropylhydrazinecarboxylate (4)* (20.6 g,
0.118 mol) was dissolved in dry toluene and 1 equivalent (11.9 g,
0.118 mol) dry triethylamine added. To this solution was added a

g  Santa Clara, CA 95050, USA solution of 20% phosgene in toluene (31 mL, 0.06 mol) dropwise
5
b lo) / /
Q HN—N N—N
2 RCHO [Q] 2
3 JCHNHNH,  —= Aoy~ RO R~ 0 —= R+ )=0
=4 _ | | _ _
S Cl,C=0 NH, NH, HN N\ N N\
g Scheme 1
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at a rate of less than one drop per second. During addition
a copious precipitate of triethylamine hydrochloride formed.
When addition was complete, the solution was stirred at room
temperature for 2 h, filtered and the filtrate evaporated to give
the crude product. This was purified by recrystallization from
heptane to give 9.75 g (0.026 mol, 44%) of the bis hydrazide
with mp 148-150 °C (decomp.) (found: C 54.30 H9.07 N 14.84.
caled for C,;H3N,Os: C 54.52 H 9.15 N 14.96%); vy, (NaCl
plate)/cm™' 3255 (N-H), 2978 (C-H), 1712 (C=0), 1659 (C=0);
Jou (300 MHz, CDCl;, 55°C) 1.12 (12H, d, J = 6.6, (CH;),-CH),
1.47 (18H, s, (CH;);C), 4.15 (2H, septet, J = 6.6, (CH;),-CH),
6.48, (2H, brs, NH);d. (75 MHz, CDCl;, 55°C) 19.4,28.2, 52.3,
81.2, 155.9, 162.3 (motionally broadened); MS (electrospray)
375 (MH*, 46%), 319 (38, MH* rBu), 263 (100, MH* 2¢Bu).

2,4-Diisopropylcarbonohydrazide bis-hydrochloride (6)

Di-tert-butyl  2,2'-carbonylbis(2-isopropylhydrazinecarboxy-
late) (5) (0.655 g, 1.75 mmol) was dissolved in 10 mL ethanol
and 5 mL concentrated hydrochloric acid and warmed on a hot
plate for 0.5 h during which time a mild effervescence occurred.
The solution was allowed to cool overnight. Removal of the
solvent and excess acid under vacuum left the bis-hydrazide bis
hydrochloride as off-white crystals (0.426 g, 99%). The sample
for analysis was recrystallized from n-butanol to give white
needles with mp 188-190 °C (found: C 32.74 H 8.38 N 21.48.
caled for C;Hy,N,0-2 HCI1-0.5 H,O: C 32.82 H 8.26 N 21.87%);
Vma(NaCl plate)/cm™" 2974 (C-H), 2880, 2689 (broad, NH),
1712 (C=0); 6y (300 MHz, D,0) 1.07 (d, J = 6.9) 4.02 (septet,
J =06.9);c (75 MHz, D,0) 18.1, 55.7, 161.1; MS (electrospray)
175 (MH*, 100%).

General procedure for tetrazanes: 2,4-diisopropyl-6-pyridin-2-yl-
1,2,4,5-tetrazinan-3-one (7a)

In a typical procedure, 2 mmol of 2.4-diisopropylcarbono-
hydrazide bis-hydrochloride and 2 mmol of 2-pyridylcar-
boxaldehyde were dissolved in the minimum amount of ethanol.
To this solution was added 4 mmol of sodium acetate in ethanol
and the solution allowed to stand at room temperature for 15 h.
After this period the mixture was filtered and evaporated and
the residue recrystallized from heptane to give the tetrazane
(460 mg, 87%) with mp 160-162 °C (found C 59.15 H 8.01 N
26.29. calcd for C;;H, N5O C 59.29 H 8.04 N 26.59); v, (NaCl
plate)/ecm™" 3226 (NH), 3187 (C-H), 2966 (C-H), 2930 (C-H),
1594 (C=0) cm™'; 6y (300 MHz, CDCl;) 1.09 (6H, d, J = 6.6),
1.11(6H, d, J = 6.6), 4.44 (1H, s) 4.70 (2H, septet, J = 6.6), 7.35
(1H, ddd, J = 6.6, 5.0, 1.0), 7.44 (1H, dt, J/ = 6.6, 1.0), 7.78 (1H,
td, J = 6.6, 2.0) 8.58 (1H, ddd, J = 5.0, 2.0, 1.0); d. (75 MHz,
CDCl,) 18.5, 19.5, 47.7, 72.3, 123.9, 124.3, 137.7, 149.3, 153.6,
154.4; MS (electrospray) 264 (MH*, 100%).

Py

Nrn o Cl,CO, EtzN
N ]4
o}

A
OYNH HN\(O

General procedure for verdazyl free radicals:
1,5-diisopropyl-3-pyridin-2-yl-6-oxoverdazyl (8a)

In a typical procedure, 2,4-diisopropyl-6-(pyridin-2-yl)-1,2,4,5-
tetrazinan-3-one (164 mg) was refluxed with 1.5 mol eq.
benzoquinone in 5 mL toluene for 1 h. When TLC indicated
that the starting material had been consumed the resulting
solution was cooled, filtered and evaporated. Chromatography
of the residue on silica gel eluting with 9:1 CH,Cl,—EtOAc
gave the verdazyl as an orange crystalline solid (53 mg, 32%)
recrystallized from CH,Cl,~heptane with mp 122-123 °C; UV-
vis (MeCN) 409, 450 nm(sh); v,,.,(NaCl plate)/cm™" 2973, 2920
(C-H), 1686 (C=0); MS (electrospray) 261 (MH*, 100%). Purity
was determined by HPLC on a 150 mm C18 reverse phase
column, eluting isocratically for 2 min with 30% acetonitrile—
70% 0.1 M aqueous ammonium acetate (pH 6.95) followed
by a gradient to 70% acetonitrile over 10 min and isocratic
elution thereafter. A UV-vis diode array was used for analyte
detection. The product eluted at 9.8 min and was determined to
be approximately 98% pure by integration.

Results

The reported syntheses of 1,5-dimethyl and 1,5-dibenzyl ver-
dazyls rely on the more nucleophilic nature of the substituted
nitrogen in the alkyl hydrazine. Reaction with phosgene gives the
2,4-dialkyl substituted bis-hydrazide'® which is taken on to form
the verdazyl.”'® This regiochemical selectivity is almost certainly
an electronic effect, which may be diminished by steric effects;
consequently we felt that an analogous reaction with isopropyl
hydrazine would give, at best, a mixture of regioisomers. Since
the tert-butyloxycarbonyl protected form of hydrazine, zert butyl
carbazate, is commercially available, we elected to use the BOC
group to enforce the required regiochemistry. The synthesis is
outlined in Scheme 2.

Reduction of acetone tert-butyloxycarbonylhydrazone with
sodium cyanoborohydride following the procedure of
Callabretta and co-workers” gave a mixture of the BOC
protected isopropyl hydrazine (4) and its cyanoborane adduct.
Modification of the workup procedure using a 1M aqueous
potassium hydroxide instead of aqueous bicarbonate wash gave
4 directly as a white crystalline solid. The reaction of the
hydrazine with phosgene gave rather mixed and irreproducible
results until we used toluene as solvent and carefully dried the
triethylamine by distillation from calcium hydride. The resulting
hydrazide (5) shows a conformationally restricted structure in
NMR with the methyl groups of the isopropyl appearing as a
broad singlet. Raising the temperature sharpened the spectrum
considerably resolving the doublet resulting from coupling to
the methine hydrogen. In the carbon spectrum however, one of

J ST

NH, NH,
“2HCI

HCI/EtOH

4 s :

RCHO,
NaOAc
EtOH

a R= 2-pyridyl

: S; g:&?,:g{;z-pyndyl N—-N Benzoquinone HN-N

d R= 2-imidazolyl R—(e =0 R— =0

e R= 4-hydroxyphenyl N-N HN-N

f R= 2-hydroxyphenyl

g R= 4-biphenyl 8a-g Ta-g

Scheme 2
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the carbonyl carbons is observed only as a broad hump even at
55°C.

Deprotection of 5 was initially attempted with CF;COOH-
Et;SiH at room temperature, however significant trifluoroacety-
lation of the product was observed. Excess hydrochloric acid
in ethanol gave clean deprotection to give 2,4-diisopropyl-
carbonohydrazide bis-hydrochloride (6) as a white solid. Unlike
the protected species, this molecule shows no apparent confor-
mational restriction in solution at room temperature.

Condensation of the hydrazide with aldehydes in 95%
ethanol-sodium acetate gave the tetrazanes (7a—g) as colorless
crystalline solids. In these materials the two isopropyl methyl
groups are diastereotopic and give two distinct doublets in the
'"H NMR and two signals in the *C NMR.

A variety of conditions have been reported for the oxidation
of 3-oxotetrazanes to verdazyl radicals.”*''*% Though we
have found aqueous/alcoholic oxidation conditions useful in
the past, the poor solubility of the diisopropyl tetrazanes in
aqueous systems makes this method impractical. Oxidation to
the verdazyl free radicals (8a—g) was accomplished with benzo-
quinone in toluene.! Unlike the previously reported synthesis
using this method,* hydroquinone adducts were not observed
and the hydroquinone precipitated from the reaction mixture
as it cooled. Filtration and evaporation gave verdazyls (8a—g)
which were purified by chromatography on silica gel followed
by recrystallization from dichloromethane-heptane or ethanol-
water. The free radicals can be identified by their distinct UV-
visible spectra with a sharp transition near 410 nm and broad
transition showing some vibronic structure between 450 and
500 nm. This gives them a pink to orange color depending
upon the substituent in the 3 position. In a previous study of

Table 2 Visible maxima and extinction coefficients for 8a-g in
acetonitrile

A/nm (¢/L mol™! cm™)

8a 409 (1330), 450 (380)
8b 410 (1300), 450 (390)

8¢ 410 (1110), 450sh (290)

8d 420 (1030), 495 (350), 555sh, (150)

Se 420 (1230), 502sh (570), 520 (590), 550sh (310)
8f  422(1040), 500sh (350) 523 (450), 562 (340)
8g  422(1350), 504 (480)

1,5-dimethyl substituted species these maxima were tentatively
identified as n—n* and n—n* transitions based on computational
results.® Details of spectral maxima are reported in Table 1.

The ESR spectra of the isopropyl substituted verdazyls are
all very similar and can be simulated accounting for coupling
to four nitrogens and two hydrogens. Hyperfine parameters for
radicals 8a—g are shown in Table 2 along with data for related
verdazyl radicals 1-3. Experimental and simulated spectra for
8a are shown in Fig. 1.

Discussion

The above methodology results in the formation of isopropyl
substituted verdazyl radicals in a relatively straightforward
manner. To demonstrate the versatility of the pathway we have
synthesized verdazyls with 3-subtituents that have so far been
unreported or have significant problems. In particular the chelat-
ing 3-(2-pyridyl)- (1 R* = 2-pyridyl) and 3-(6'-methylpyrid-
2’-yl)- (1 R* = 6-methyl-2-pyridyl) substituted free radicals

3290 3320

3350 3370

3300 3310 3340 3360
Field (Gauss)
Fig. 1 Experimental (top) and simulated (bottom) ESR spectra of 8a.
Table 1 ESR hyperfine parameters for 8a—g and related radicals 1-3
an2,4/mT ax1,5/mT ay/mT Linewidth/mT g
8a 0.650 0.529 0.150 0.070 2.0043
8b 0.659 0.518 0.121 0.070 2.0044
8c 0.656 0.520 0.122 0.050 2.0044
8d 0.661 0.525 0.115 0.075 2.0047
8e 0.657 0.518 0.130 0.070 2.0044
8f 0.648 0.551 0.157 0.073 2.0044
8g 0.658 0.519 0.123 0.068 2.0044
1 (R = Phy’ 0.649 0.513 0.546 —
2 (R = Phy’ 0.663 0.508 0.300 —
3 (R = Ph)” 0.645 0.450 — —
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have been previously reported but are relatively unstable.®'>%

Similarly our previous attempts to study the 3-(2'-imidazolyl)-
and the 3-(2'-quinolyl) systems have been hampered by poor
stability. For example a solution of 0.3 mM 1(R® = 2-pyridyl)
at room temperature lost 20% of the absorbance at 410 nm
over a 4 day period. Over the same period the corresponding
diisopropyl substituted verdazyls 8a,d show very little (<1%)
signal decay. The other species show similar or greater stability.
Crystalline samples appear to be indefinitely stable in air in a
standard laboratory refrigerator greatly facilitating the synthesis
of coordination compounds.

The phenolic OH in the 2-hydroxy and 4-hydroxyphenyl
substituted verdazyls provides a potential site for further
derivatization or possibly metal coordination. Synthesis of the
4-hydroxyphenyl verdazyl system has been previously hampered
by the very low solubility of the corresponding dimethyl
tetrazane precursor. Similarly, attempts to synthesize the cor-
responding dimethyl tetrazane from salicylaldehyde resulted
only in complex, intractable mixtures. Use of the diisopropyl
bis(hydrazide) circumvents these problems and allows for the
clean synthesis of both tetrazanes and corresponding verdazyls.
We note that remarkably, semiquinone formation does not
appear to compete with the formation of the verdazyl.

All of the free radicals are soluble in non-polar solvents such as
toluene and heptane allowing the measurement of well resolved
ESR spectra. Hyperfine coupling to nitrogen is very similar to
that observed for other verdazyls, however the coupling to the
two isopropyl methine hydrogens is significantly lower than that
observed for the corresponding methyl hydrogens. This suggests
that in the major conformations of the molecule the methine C—
H lies in the plane of the verdazyl ring, minimizing coupling
between it and the m system. A similar phenomenon was
observed with 1,5-dibenzyl substituted verdazyl free radicals’
which, with two hydrogens on a methylene group next to
the verdazyl, show hyperfine coupling intermediate between
the methyl and isopropyl systems (Table 2). No evidence
was seen for the contribution of semiquinone type tautomers
in the hydroxyphenyl substituted species, though the greater
red shift in the electronic spectrum for the 2-hydroxy species
(8f, Anix = 560 nm) vs the 4-hydroxy species (8e, An., =
520 nm) may be a result of intramolecular hydrogen bonding
between the hydroxy group and the verdazyl nitrogen lone
pair. Such an interaction would hold the two rings in a copla-
nar arrangement increasing the electronic interaction between
them.

Conclusion

Substitution of methyl groups for isopropyl groups in 6-
oxoverdazyl radicals results in species with enhanced stability
and solubility. The synthetic protocol allows the synthesis of
verdazyl free radicals with new substituents in the 3 position,

expanding the utility of verdazyl free radicals as spin probes
and ligands for metal ions. In addition it should be possible to
extend the methodology to groups other than isopropyl in the 1
and 5 positions. These possibilities are being further investigated
in our laboratory.
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Herein we present a new example of coordination-mediated resolution of racemic acids by a chiral acid. The reaction
of copper(11) acetate monohydrate, optically pure O,0'-dibenzoyltartaric acid (DBTA) and racemic
a-bromo-2-chlorophenylacetic acid (HL') in acetonitrile solution afforded a binuclear copper(ir) complex with
D-DBTA dianion, a-bromo-2-chlorophenylacetate and acetate as ligands. After decomposition of the complex with
acid, the optically active acid ((R)-HL') was obtained. Similarly, o-bromo-2-fluorophenylacetic acid (HL?),
a-bromo-2-bromophenylacetic acid (HL?), a-chloro-2-chlorophenylacetic acid (HL*), a-chloro-2-fluorophenylacetic
acid (HL®), a-bromophenylacetic acid (HL®), a-bromo-4-chlorophenylacetic acid (HL”), 2-bromopropionic acid
(HL?) and 2-chloropropionic acid (HL’) were resolved by the same method. Satisfactory results were obtained for
HL? to HL®. For HL® and HL’, only racemic acids were obtained. For the two o-halo aliphatic acids (HL® and HL?),
poor enantioselectivity was obtained. It is more interesting that three acids (HL', HL? and HL?) could spontaneously
racemize in acetonitrile solution, which resulted in crystallization-induced dynamic resolution (CIDR) with greater

than 50% yield.

Introduction

Optically active molecules play important roles in both indus-
trial and academic sectors. Methods of obtaining the enan-
tiomerically enriched substances can be classified into two broad
categories: optical resolution of racemates, and asymmetrization
of prochiral or meso compounds. Although many traditional
resolutions have already been well-established methods for
the preparation of optically active compounds, they have an
economic disadvantage in that the maximum yield for each
of the two pure enantiomers is theoretically limited to 50%.!
Crystallization-induced dynamic resolution (CIDR), which is
a method utilizing the epimerization of the substrate and the
solubility difference of the diastereomeric salts, is one of the most
important recent developments in the preparation of optically
pure compounds due to the greater than 50% yield of the
obtained enantiomer.>?

Racemic carboxylic acids are generally resolved by optically
active bases. However, these bases are often extremely toxic and
expensive.! For example, a-bromo-2-chlorophenylacetic acid,
which is an important intermediate for some medicines,*®
was resolved by such bases in low yield (<25%).° Recently,
the Mravik group applied optically active DBTA, which is
usually used for the resolution of bases, as a new resolving
reagent for the racemic carboxylic acids. Some new metal-mixed
ligand complexes of DBTA can form with the corresponding
acids and then optically active acids can be obtained by their
decomposition.™ In contrast to the bases, optically pure DBTA
is a relatively cheap, nontoxic reagent. Therefore, this method is
promising for the resolution of acids.

1 Electronic supplementary information (ESI) available: Experimen-
tal procedures, IR spectra, UV-vis spectra, thermograms. See DOI:
10.1039/b510170k

This journal is © The Royal Society of Chemistry 2005 |

We report here a new example in which a series of racemic
o-halo acids (Scheme 1) were resolved with a chiral acid. The re-
actions of Cu(OAc),-H,0, optically pure O,0’-dibenzoyltartaric
acid monohydrate and the corresponding racemic halo acid in
acetonitrile solution afforded mixed ligand copper(i1) complexes.
After their decomposition with hydrogen chloride solution,
optically active acids were obtained. Moreover, three acids
(HL', HL?, and HL?) can spontaneously racemize in acetonitrile
solution, and thus were resolved by crystallization-induced
dynamic resolution.

X )‘(2

( ] COOH -~ “coon

8.y, —
HL': X = Br, X, = 2-Cl HL™: X, = Br

9. -
HL?: X = Br, X, =2-F HL™: X;=Cl
3.y — —.
HL4 : X =Br, X;=2-Br PhCOO 0OCPh
HL*: X = Cl, X; = 2-Cl M
HL’: X =Cl, X, =2-F \
HOOC COOH

HLS : X = Br, X; =H

HL”: X = Br, X, =4-Cl D-DBTA (H,L%

Scheme 1 The structures of a-halo acids.

Results and discussion
Resolution of HL!

To a solution of D-DBTA-H,O (H,L°-H,O, 1 equiv.) and
racemic a-bromo-2-chlorophenylacetic acid (HL', 2 equiv.) in
acetonitrile, was added copper(11) acetate monohydrate (1 equiv.)
and the resulting mixture was stirred for several days at 25 °C. A
green precipitate was collected by filtration and characterized as
[Cu,(L°)(L")(OACc)(H,0),]-1.5 MeCN (complex 1) by elemental
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Table 1 Resolution of the a-halo acids
HA
N
Cu(QAc)yH,0 — | Capper(Il) Complex | ——— | Optically Active HAI
D-DBTA-H,0

Entry HA Solvent Ratio” T(°C) Time/d Obtained complex Ee of the acid (%)*  Yield of the acid (%)"

1 HL' MeCN 2:1:2 25 7 1 85.0 (R) 422
2 HL' MeCN 1:1:2 25 7 1 85.0 (R) 84.0

3 HL' MeCN 1:1:2 30 7 1 90.5 (R) 84.3
4 HL' MeCN 1:1:2 35 7 1 91.8 (R) 84.3

5 HL' MeCN 1:1:2 40 7 1 94.7 (R) 82.4

6 HL' MeCN 1:1:2 50 7 1 91.3(R) 83.5

7 HL' MeCN-H,O(16:1) 1:1:2 40 5 1 94.1 (R) 84.1

8 HL' EtOH-H,0(3:1) 2:1:2 40 14 10 25.7(S) 20.2
9 HL*> MeCN 2:1:2 40 7 2 92.0(—) 43.3
10 HL?> MeCN 1:1:2 40 7 2 91.5(-) 83.5
11 HL> MeCN-H,O(16:1) 1:1:2 40 5 2 89.9 (-) 83.3
12 HL® MeCN 2:1:2 40 7 — — —
13 HL? MeCN-H,O(16:1) 2:1:2 40 5 3 93.7 (+) 43.7
14 HL?® MeCN-H,O(16:1) 1:1:2 40 5 3 93.6 (+) 85.5
15 HL* MeCN 2:1:2 40 7 4 87.6 (—) 30.6
16 HL* MeCN 1:1:2 40 14 4 94.8 (—) 37.2
17 HL* MeCN-H,O(16:1) 1:1:2 40 5 — — —
18 HL® MeCN 2:1:2 40 7 5 87.9 (-) 34.0
19 HL® MeCN 1:1:2 40 14 5 80.5 () 38.6
20 HL® MeCN-H,O(16:1) 1:1:2 40 5 — — —
21 HL* MeCN 2:1:2 40 7 6 0 45.7
22 HL* MeCN 1:1:1 40 7 6 0 89.5
23 HL’ MeCN 2:1:2 40 7 7 3.2 43.8
24 HL? MeCN 1:1:1 40 7 7 0 90.0
25 HL* MeCN 2:1:2 40 7 8 20.9 (R) 453
26 HL* MeCN 1:1:2 40 7 8 14.8 (R) 74.2
27 HL* MeCN-H,O(16:1) 1:1:2 40 5 8 17.3 (R) 74.1
28 HL®* MeCN 2:1:2 40 7 9 26.8 (R) 42.6
29 HL®* MeCN 1:1:2 40 7 9 279 (R) 72.5
30 HL® MeCN-H,O(16:1) 1:1:2 40 5 9 30.8 (R) 72.4

“The molar ratio of the reactants, HA, D-DBTA-H,0 and Cu(OAc),-H,O. * Enantiomeric excesses of HL' to HL® were determined by HPLC analysis
on Chiralcel AS Column with heptane-2-propanol-trifluoroacetic acid (90 : 10 : 0.1) as elute at | mL min~' flow rate. The enantiomeric excess of HL®
to HL? were determined by GC analysis on Chiralcel Dex 225 column after conversion to the corresponding ethyl esters. The configuration of HL!,
HL® and HL® were determined by comparing the sign of rotation to that of the literature. < Based on the racemic acid. ¢ The complex was obtained
by cooling the resulting solution to —10 °C. ¢ Only the Cu(ir) complex of DBTA was obtained./ The precipitate formed 8 d later.

and ICP analyses. The (R)-(+)-form® of HL' was obtained in
good enantioselectivity (85.0% ee, Table 1, entry 1) by treatment
of the solid complex with 10% hydrogen chloride.

The thermogram of the complex (see the electronic supple-
mentary information) displays a two-step decomposition profile
from ambient temperature to 300 °C. The first continuous
weight loss step was observed from ambient temperature to
140 °C. The observed weight loss corresponds to the loss of
loosely bound acetonitrile and water molecules. This confirmed
the result of the elemental analyses. The second step was
observed from 148 to 225 °C, which should be attributed to the
decomposition of the other organic ligands. After the complex
was dried in vacuum for 5 h at 50 °C, the loss of acetonitrile
was observed by microanalysis' and the result was identical
with the thermogram of the dried solid (see the electronic
supplementary information), in which only the loss of water
molecules was observed. Moreover, after the sample was exposed
to air for a long period, the partial loss of acetonitrile molecules
in the complex was confirmed by microanalysis. Both the results
indicate that the acetonitrile molecules only act as lattice solvent
molecules, rather than the ligands of the complex.

The solid state UV-vis spectrum of the complex showed a
broad absorption band (band I) in the visible region around
672 nm, which is assigned to a metal-ligand interaction." More-
over, it also displays a shoulder around the 372 nm (band II).
Although the origin of band II is controversial, it is believed to
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be indicative of a dimeric complex,'* suggesting that the complex
is binuclear, which also confirms the result of elemental analyses.

The IR spectrum of the complex exhibits strong absorptions
at 1721 and 1271 cm™" which is assigned to the DBTA ligands.
It also shows a broad band at 3438 cm™' which is assigned to
water molecules.

A carboxylate, RCOO™, can coordinate to metals in a number
of ways, viz. as a unidentate ligand, as a chelating ligand,
as a bridging bidentate ligand, or as a monatomic bridging
ligand. The mode of coordination to the center copper ion can
be determined from the value of 4 (4 = vyym — Vym) in the
IR spectrum.’” This criterion can also be used in this copper
complex. The moderately strong band at 1401 cm™' is assigned
to the symmetric carboxyl stretching frequency (vym). The
analogous asymmetric stretching frequency (v,qm,) is 1602 cm™.
The value of 4 (201 cm™) and the positions of these bands
are comparable to those reported for other binuclear copper(ir)
complexes,'" in which a bridging bidentate coordination mode
of carboxylate groups exists.

TGA, UV-vis, IR spectra, elemental and ICP analyses of the
complex suggest that it is a binuclear with the D-DBTA dianion,
a-bromo-2-chlorophenylacetate and acetate as ligands. On the
other hand, that DBTA often acts as bridging ligand because
of the two carboxylate groups,®'® together with the fact that
the complex is soluble only in DMF and DMSO, indicate that
the complex is polymeric (Scheme 2). Unfortunately, the single
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Scheme 2 The two possible structures for the binuclear copper(ir)
complex of a-bromo-2-chlorophenylacetic acid (HL").

crystal of the complex was not obtained although many methods
were tried. The definite structure can not be clarified by the
present results.

Crystallization-induced dynamic resolution of HL'

Initially, it was thought that the ratio of the three reactants (rac-
HL', H,L° and Cu(OAc),-H,0) should be 2 : 1 : 2 because
the resulting complex was formulated as [Cu,(L°)(L")(OAc)
(H,0),]-1.5 MeCN. However, after the mother liquid was
concentrated to dryness, only racemic o-bromo-2-chloro-
phenylacetic acid was obtained by following the same procedure
for the decomposition of the copper(i1) complex. It showed that
there was a process in which (S)-HL' was converted to racemic
HL'. Subsequent study showed that optically active HL' can
racemize spontaneously in acetonitrile,'® which indicated that
the acid could be resolved by crystallization-induced dynamic
resolution.

Thus, the experiment, in which the ratio of rac-HL!, D-
DBTA-H,0 and Cu(OAc),-H,O was 1 : 1 : 2, was performed at
room temperature. The resulting complex was also fomulated as
[Cuy(LY)((R)-L")(OACc)(H,0),]-1.5 MeCN and the yield (84.0%)
of the acid was almost doubled with a comparable diastere-
omeric excess (entry 2 vs. entry 1). So crystallization-induced
dynamic resolution occurred.

Asis shown in Scheme 3, after the mixtures of Cu(OAc),-H,O,
optically pure D-DBTA-H,O and racemic HL' in acetoni-
trile had been stirred for 2 d at 40 °C, the less soluble
complex [Cu,(L°)((R)-L")(OAc)(H,0),]-1.5 MeCN deposited
preferentially’” with 79.8% diastereomeric excess.”® The result
was that the concentration of (S)-HL' was higher than that
of (R)-HL' in the solution and the inversion of (S)-HL' to
(R)-HL' occurred.'*'” Therefore, more and more [Cu,(L°)((R)-
L"(OAc)(H,0),]-1.5 MeCN accumulated as time went by.'® At
the same time, the fact that the more soluble complex dissolves
more easily than the less soluble one can also cause a concen-
tration difference between the two diastereomers in the mother
liquid. At last, the diastereomeric excess was increased to 94.7%.

LOWER CONCENTRATION HIGHER CONCENTRATION

Racemization

-(R)—HLI

MeCN
i
i
i
|
1

Cu(0A), | D-DBTA
|

i (S)-HL!
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Scheme 3 Proposed mechanism for the crystallization-induced dy-
namic resolution of a-bromo-2-chlorophenylacetic acid (HL').

Investigation of the resolution conditions

(a) Temperatures. When the reaction was conducted at
0 °C, no precipitate was obtained even though it had been
conducted for 7 d. With increasing reaction temperature, the
diastereomeric excess increased, with the yield being almost

unaffected and the best result was obtained at 40 °C (entries
2-5). However, when the reaction was conducted at more
higher temperature (50 °C), the enantioselectivity and yield of
acid obtained by decomposition of the solid complex declined
(entry 6).

(b) Solvents. Interestingly, it was found that adding water
to the reaction mixture can increase the reaction rate greatly.
When the ratio of acetonitrile and water was 16 : 1, the best
result was obtained. After 30 min, a green precipitate formed
and after 5 d, the yield and the diastereomeric excess of the
complex were close to those obtained from the same reaction in
absolute acetonitrile (entry 7 vs. entry 5). The water molecules
are auxiliary ligands of the resulting compound, and must be
regarded as a kind of reactant. The addition of the water meant
that the concentration of water was increased. Therefore, the
reaction was speeded up.

When the experiment was performed in mixed solvents
(EtOH : H,O = 3 : 1), a green precipitate was obtained by
cooling the resulting mixture to —10 °C. Microanalysis and ICP
and TGA analyses showed that the complex was formulated as
Cu,(L°)(L")(OACc)(H,0), (complex 10) and the diastereomeric
excess (25.7%) of the resulting complex was lower than that
obtained from acetonitrile. In addition, the predominant form,
(S)-HL', was different to that from acetonitrile (entry 8)." Both
the results indicated the importance of solvents to the resolution
of HL'.

Furthermore, crystallization-induced dynamic resolution was
not observed when mixed solvents (EtOH : H,O = 3 : 1) were
used, owing to the slow spontaneous racemization rate.??!

When dichloromethane, methanol, anhydrous ethanol or
dimethylformamide was used as the solvent, no precipitate was
obtained even though the reaction was conducted over 7 d.

(¢) Reagents. When Ca(OH), was used, only calcium salt
of DBTA was obtained. And when Zn(OAc), was used, although
a mixed ligand Zn(11) complex was obtained, only the racemic
acid was obtained by decomposition of the solid complex.

On the other hand, when O,O'-di-p-toluoyltartaric acid
(DTTA) as well as tartaric acid (TA) were used as the resolving
agent, only the copper(i1) salts of DTTA or TA were obtained.*

There are two kinds of free acids (DBTA and c-halo acid) in
the reactants. However, the ligands in the resulting complex are
D-DBTA dianion, a-bromo-2-chlorophenylacetate and acetate.
It seems that using the salts in place of the corresponding acids
(NaL' for example) might increase the reaction.* However, such
an attempt was unsuccessful and only the copper(11) salt of 0,0'-
dibenzoyltartaric acid was obtained.

Resolution of the other a-halo acids

(a) HL?and HL®. When racemic a-bromo-2-fluorophenyl-
acetic acid (HL?) was resolved in acetonitrile, satisfactory results
(the acid with 91.5% ee and 83.5% yield) were obtained (entry
10). Similarly to the resolution of HL', water can accelerate the
resolution rate (entry 11).

When racemic a-bromo-2-bromophenylacetic acid (HL*) was
resolved in absolute acetonitrile, only the copper(ir) salt of
DBTA was obtained (entry 12). However, when it was resolved in
mixed solvents (MeCN : H,O = 16: 1), a mixed ligand complex
(complex 3), which was similar to complex 1, was obtained in
93.6% ee and 85.5% yield (entry 14). The results showed the
important roles of water and the substituents of the benzene
ring in the formation of the complex.

(b) HL*and HL’. Racemic o-chloro-2-chlorophenylacetic
acid (HL?) and a-chloro-2-fluorophenylacetic acid (HL?) can be
resolved by the same method, while the yields and selectivities
were slightly lower than those in the resolution of HL' (entries
15 and 18). Moreover, when they were resolved in the mixed
solvents (MeCN : H,O = 16 : 1), only the copper(il) salt of
DBTA was obtained (entries 17 and 20).
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Crystallization-induced dynamic resolution was not observed
in the resolution process of these two acids (entries 16 and 19)
and these results may originate from that a-chloroarylacetic acid
are more configurationally stable than o-bromoarylacetic acid
in acetonitrile solution.

(¢) HL® and HL’. Reaction of D-DBTA-H,0, racemic a-
bromophenylacetic acid (HL®) and Cu(OAc),-H,O in acetoni-
trile only afforded a mononuclear compound formulated as
Cu(HL")(L®)-1.5H,0. The result can be confirmed from that
the solid state UV-vis spectrum of the complex did not display
the band II of the dimeric complexes. After decomposition of
the solid complex, only racemic HL® was obtained (entries 21
and 22).

In the resolution of a-bromo-4-chlorophenylacetic acid (HL?),
although a binuclear mixed ligand complex, which is formulated
as Cu,(L*)(L")(OAc)(H,0),, was obtained by same method, the
acid obtained by decomposition was nearly racemic (entries 23
and 24).

The poor diastereoselectivities for the two acids further con-
firmed that the ortho-substitute of the benzene ring of a-bromo-
arylacetic acid play an important role in chiral recognition of
the copper(11) complexes.

(d) HL? and HL®. Tt was reported by Mravik group that
2-bromopropionic acid and 2-chloropropionic acid can be
resolved by forming two mixed ligand Cu(11) complexes in EtOH
solution, which were formulated as [Cu(A),;(H,0),,J(HL°)(L)
(L°is DBTA dianion, Lis a o-halo acid anion and A stands for an
alcohol molecule).” However, when we did the same experiments
in acetonitrile solution, the obtained complexes were formulated
as [Cu,(L°)(L)(OAc) (H,0),]-1.5 MeCN. After decomposition of
them with HCI solution, optically active acids (20.9 and 26.8%
ee for HL® and HL?, respectively) were obtained (entries 25 and
28). The poor enantioselectivities for the two acids, HL* and
HL’, indicate the important role of substitutes at o-position in
the chiral recognition of the copper(i1) complexes.

Interestingly, when the molar ratio of reactants changed to 1 :
1 : 2 (entries 26 and 27, and entries 29 and 30), high yield of
the acids was obtained and resulted in that the optical purities
(39.3% ee and 68.2% ee for (S)-HL® and (S)-HL’, respectively)
in the mother liquid were higher than those (14.8 and 27.9% ee
for (R)-HL? and (R)-HL’, respectively) in the crystals (entries
26 and 29). Moreover, these results showed that no racemization
occurred during the resolution process and thus crystallization-
induced dynamic resolution was not observed for these two
acids.

Conclusions

We have described a successful example of coordination-
mediated resolution of a series of a-halo acids using O,O0'-
dibenzoyltartaric acid and copper(il) acetate monohydrate as
resolving reagents. Moreover, we also found that crystallization-
induced dynamic resolution occurred in the resolution processes
of HL!, HL? and HL?, because they can spontaneously racemize
in acetonitrile solution. Finally, substituents at the a-position of
the o-halo acids play important roles in the chiral recognition of
the copper(11) complexes.

Experimental section
Material and reagents

HL? to HL? were prepared by the reported methods.>** All the
other reagents were purchased from commercial sources and
were used without purification.

Physical measurements

Optical rotations were measured on a Perkin-Elmer 341 po-
larimeter. IR spectra were recorded on a Nicolet 200SXV FT-
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IR spectrophotometer over the range 4000-400 cm™', using KBr
pellets. '"H NMR spectra were measured on a Bruker (300 MHz)
spectrometer in CDCl; or D,O solutions with tetramethylsilane
as the internal standard. The elemental (C, H, N) analyses
of the powdered samples were performed on a Perkin-Elmer
model 240 C automatic instrument. The concentrations of Cu
in the complexes were determined using an IRIS Advantage
ICP spectrophotometer after heating to 400 °C and treatment
with acid. The thermograms of the complexes were conducted
with a Perkin-Elmer TGA instrument. The UV-vis spectra of the
solid complexes were recorded from 200-800 nm, using an UV-
1000 spectrophotometer. Liquid chromatographic analyses were
conducted on a Beckman 110 instrument equipped with a model
168 detector. Gas chromatographic analyses were conducted on
a Varian 3380 instrument.

Resolution of the acids: syntheses and decomposition of the
complexes

[Cu,(LY)(L')(OAc)(H,0),]-1.5 MeCN (complex 1). To a
solution of D-DBTA-H,O (760 mg, 0.2 mmol) and racemic o-
bromo-2-chlorophenylacetic acid (500 mg, 0.2 mmol) in 10 mL
acetonitrile at 40 °C was added Cu(OAc),-H,O (800 mg,
0.4 mmol). After stirring for about 5 min, Cu(OAc), was
dissolved and the mixture became clear. 2 d later, a green
precipitate formed, and the mixture was stirred for an additional
5 d. The complex was filtered, washed with 10 mL acetonitrile
and air-dried overnight at room temperature. 1.581 g green
solid were obtained. Anal. (C;;HxsN,;0,BrCICu,) C, H, N,
Cu: caled, 41.91%, 3.23%, 2.36%, 14.3%; found, 42.12%, 3.16%,
2.40%, 14.0%. IR absorption bands (cm™'): 3438 (br), 3069 (w),
1721 (s), 1602 (vs), 1450 (w), 1401 (s), 1271 (s), 1178 (w), 1115
(m), 1070 (w), 1027 (w), 741 (m), 709 (m). UV-vis of the solid
sample (A/nm): 372, 672.

The complex 1 was suspended in 25 mL 10% hydrochloric
acid and 5 mL toluene. The mixture was warmed to 50 °C for
a short period with vigorous stirring, and then cooled to the
room temperature. The precipitate (DBTA-H,0) was filtered.
The toluene layer was separated and the aqueous layer was
extracted with ethyl acetate (3 x 10 mL). The organic phases
were combined, dried over sodium sulfate and concentrated in
vacuum. To the residue was added 20 mL of toluene to dissolve
the product and then the undissolved DBTA was filtered off. The
filtrate was concentrated to give optically active (R)-o-bromo-
2-chlorophenylacetic acid (412 mg). Yield: 82.4% (based on the
racemic acid). Ee: 94.7%; [a]y = +102.7 (c 1.0, EtOH), [a]; =
+8.9 (¢ 2.4, MeOH); the (R)-isomer reported in literature:® [a]3 =
+6.3 in MeOH. '"H NMR (300 MHz, CDCl;), é: 10.38 (br, 1H,
COOH), 7.40-7.93 (m, 4H, Ar-H), 6.09 (s, |H, CH) ppm.

[Cu(L°)(L*)(0Ac)(H,0),]-1.5 MeCN (complex 2). This
compound was prepared with a similar method to the prepa-
ration of complex 1. Anal. (C;;HysN,s0,,BrFCu,) C, H, N,
Cu: caled, 42.70%, 3.29%, 2.41%, 14.6%; found, 43.01%, 3.22%,
2.44%, 14.9%. IR absorption bands (cm™"): 3443 (br), 3069 (w),
1719 (s), 1646 (vs), 1602 (vs), 1490 (m), 1451 (m), 1406 (s), 1316
(w), 1267 (s), 1178 (w), 1114 (m), 1096 (m), 1070 (m), 1026 (w),
750 (m), 712 (m). UV-vis of the solid sample (1/nm): 364, 692.

Optically active a-bromo-2-fluorophenylacetic acid was ob-
tained by the similar method for HL'. Yield: 83.5% (based on
the racemic acid). Ee: 91.5%; [a]® = —50.4 (¢ 1.0, EtOH). 'H
NMR (300 MHz, CDCl;), ¢: 10.43 (br, 1H, COOH), 7.05-7.70
(m, 4H, Ar-H), 5.74 (s, 1H, CH) ppm.

[Cu,(LY)(L*)(OAc)(H,0),]-2 MeCN (complex 3). This com-
pound was prepared with a similar method to the preparation
of complex 1 in a solution of acetonitrile and H,O (16 : 1). Anal.
(C;,H;N,0,,Br,Cu,) C, H, N, Cu: caled, 40.31%, 3.17%, 2.94%,
13.3%; found, 40.59%, 3.20%, 2.90%, 13.7%. IR absorption
bands (cm™"): 3443 (br), 3068 (w), 2942 (sh), 1720 (s), 1648 (vs),
1602 (vs), 1585 (sh), 1467 (w), 1450 (m), 1401 (s), 1316 (w), 1268





(s), 1177 (w), 1115 (m), 1099 (m), 1071 (m), 1026 (m), 738 (m),
713 (m), 686 (m), 623 (w). UV-vis of the solid sample (4/nm):
373, 669.

Optically active a-bromo-2-bromophenylacetic acid was ob-
tained by the similar method for HL'. Yield: 85.5% (based on
the racemic acid). Ee: 93.6%; [a]¥ = +12.3 (¢ 1.0, EtOH). 'H
NMR (300 MHz, CDCl,), ¢: 11.40 (br, 1H, COOH), 7.22-7.80
(m, 4H, Ar-H), 5.96 (s, 1H, CH) ppm.

[Cu,(L)(LY)(OAC)(H,0),]-1.5MeCN  (complex 4). This
compound was prepared with a similar method to the
preparation of complex 1 except that 2 equiv. racemic HL* was
used. Anal. (C;;Hy 5N, 50,,Cl,Cu,) C, H, N, Cu: calcd, 44.11%,
3.40%, 2.49%, 15.1%; found, 44.39%, 3.31%, 2.43%, 14.7%. IR
absorption bands (cm™): 3440 (br), 3070 (w), 1720 (s), 1648
(vs), 1602 (vs), 1491 (w), 1451 (m), 1404 (s), 1317 (w), 1268 (s),
1177 (w), 1114 (m), 1098 (m), 1026 (w), 754 (m), 711 (m), 686
(m). UV-vis of the solid sample (1/nm): 362, 692.

Optically active o-chloro-2-chlorophenylacetic acid was ob-
tained by the similar method for HL!. Yield: 30.6% (based on
the racemic acid). Ee: 87.6%; [a]® = —87.6 (¢ 1.0, EtOH). 'H
NMR (300 MHz, CDCl;), ¢: 10.58 (br, 1H, COOH), 7.32-7.67
(m, 4H, Ar-H), 5.86 (s, 1H, CH) ppm.

[Cu,(L*)(L5)(0Ac)(H,0),]-1.5 MeCN (complex 5). This
compound was prepared with a similar method to the prepa-
ration of complex 4. Anal. (C;;HysN,50,,CIFCu,) C, H, N,
Cu: calcd, 44.99%, 3.47%, 2.54%, 15.6%; found, 44.85%, 3.41%,
2.63%, 16.0%. IR absorption bands (cm™): 3425 (br), 3069 (w),
1719 (s), 1642 (vs), 1602 (vs), 1492 (w), 1451 (m), 1404 (s), 1317
(w), 1268 (s), 1177 (w), 1115 (m), 1096 (m), 1071 (m), 1026 (w),
754 (m), 711 (m), 686 (m). UV-vis of the solid sample (1/nm):
362, 677.

Optically active a-chloro-2-fluorophenylacetic acid was ob-
tained by the similar method for HL'. Yield: 34.0% (based on
the racemic acid). Ee: 87.9%; [a]® = —60.2 (¢ 1.0, EtOH). 'H
NMR (300 MHz, CDCl,), ¢: 8.81 (br, IH, COOH), 7.08-7.60
(m, 4H, Ar-H), 5.76 (s, 1H, CH) ppm.

Cu(HL)(L?#)-1.5H,0 (complex 6). This compound was pre-
pared with a similar method to the preparation of complex 4.
Anal. (C,xH»,O,,sBrCu) C, H, N, Cu: calcd, 47.18%, 3.35%,
0, 9.6%; found, 47.19%, 3.29%, 0, 9.4%. IR absorption bands
(cm™): 3439 (br), 3244 (sh), 3158 (sh), 3064 (sh), 1718 (s), 1640
(vs), 1603 (vs), 1493 (w), 1451 (m), 1400 (m), 1337 (m), 1318 (w),
1268 (s), 1178 (w), 1115 (m), 1097 (m), 1070 (m), 1026 (m), 997
(w), 943 (w), 799 (w), 754 (m), 712 (m), 695 (m). UV-vis of the
solid sample (4/nm): 683.

a-Bromophenylacetic acid was obtained by the similar
method for HL'. Yield: 45.7% (based on the racemic acid). Ee:
0. '"H NMR (300 MHz, D,0), : 7.42 (brs, SH, Ar-H), 5.26 (s,
1H, CH) ppm.

Cu,(L)(L)(OAc)(H,0), (complex 7). This compound was
prepared with a similar method to the preparation of complex 4.
Anal. (C,xH,,0,,CIBrCu,) C, H, N, Cu: calcd, 40.67%, 2.93%,
0, 15.4%; found, 40.40%, 3.10%, 0, 15.7%. IR absorption bands
(cm™): 3436 (br), 1717 (s), 1638 (vs), 1601 (vs), 1492 (w), 1451
(m), 1404 (m), 1268 (s), 1178 (w), 1115 (m), 1096 (m), 1070 (w),
1027 (w), 792 (m), 710 (m), 685 (w). UV-vis of the solid sample
(A/nm): 352, 683.

a-Bromo-4-chlorophenylacetic acid was obtained by the sim-
ilar method for HL'. Yield: 43.8% (based on the racemic acid).
Ee: 3.2%. '"H NMR (300 MHz, D,0), ¢: 7.42 (brs, 4H, Ar-H),
5.27 (s, 1H, CH) ppm.

[Cu,(LY)(L?)(0Ac)(H,0),]-1.5 MeCN (complex 8). This
compound was prepared with a similar method to the prepa-
ration of complex 4. Anal. (C,sHy5N,50,BrCu,) C, H, N, Cu:
caled, 39.38%, 3.62%, 2.65%, 16.0%; found, 39.45%, 3.55%,
2.64%, 16.3%. Major IR absorption bands (cm™'): 3444 (br),
3051 (w), 2929 (w), 2277 (w), 1723 (s), 1641 (vs), 1601 (vs), 1492

(w), 1451 (m), 1412 (s), 1319 (w), 1265 (s), 1177 (w), 1117 (m),
1071 (m), 711 (m), 686 (m). UV-vis of the solid sample (4/nm):
361, 676.

Optically active (R)-2-bromopropionic acid was obtained by
the decomposition of the complex and distillation of the residue.
Yield: 45.3% (based on the racemic acid). Ee: 20.9%; [a]5 =
+6.2 (¢ 1.0, MeOH); the (S)-isomer reported in literature:? [a]%
= —29.8 in methanol. '"H NMR (300 MHz, CDCl;), J: 11.78
(br, 1H, COOH), 4.40 (q, J/ = 6.96 Hz, 1H, CH), 1.83 (d, J =
6.96 Hz, 3H, CH;) ppm.

[Cu,(L*)(L°)(0Ac)(H,0),]-1.5 MeCN (complex 9). This
compound was prepared with a similar method to the prepa-
ration of complex 4. Anal. (C,HysN,;0,,CICu,) C, H, N, Cu:
caled, 41.72%, 3.84%, 2.81%, 17.0%; found, 41.65%, 3.74%,
2.80%, 17.4%. Major IR absorption bands (cm™): 3435 (br),
3075 (w), 2929 (w), 2275 (vw), 1723 (s), 1641 (vs), 1602 (vs),
1585 (sh), 1491 (w), 1451 (m), 1413 (s), 1328 (w), 1267 (s), 1177
(w), 1117 (m), 1071 (m), 1026 (w), 711 (m), 686 (m). UV-vis of
the solid sample (4/nm): 360, 685.

Optically active (R)-2-chloropropionic acid was obtained by
the similar method for HL®. Yield: 42.6% (based on the racemic
acid). Ee: 26.8%; [a]y = +4.3 (¢ 1.0, CHCL,); the (S)-isomer
reported in literature:** [a]Z = —15.1 in CHCL. '"H NMR
(300 MHz, CDCl;), d: 11.54 (br, 1H, COOH), 4.46 (q, J =
9.78 Hz, 1H, CH), 1.72 (d, J = 9.78 Hz, 3H, CH;) ppm.
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Piperazinyl-amide derivatives of N-a-(3-trifluoromethyl-benzenesulfonyl)-L-arginine (1) were synthesized as graftable
thrombin inhibitors. The possible disturbance of biological activity due to a variable spacer-arm fixed on the N-4
piperazinyl position was evaluated in vitro, against human o-thrombin, and in blood coagulation assay. Molecular
modelling (in silico analysis) and X-ray diffraction studies of thrombin-inhibitor complexes were also performed. The
fixation of bioactive molecules on poly(butylene terephthalate) (PBT) and poly(ethylene terephthalate) (PET)
membranes was performed by wet chemistry treatment and evaluated by XPS analysis. Surface grafting of inhibitor
1d improved the membrane hemocompatibility by reducing blood clot formation on the modified surface.

1. Introduction

The design of biomaterials endowed with high blood compat-
ibility (i.e. preventing clot formation) represents a substantial
challenge.! The usual strategies to improve hemocompatibility
of material devices consist of selective surface treatments like the
grafting of zwitterionic components as biomembrane mimics,>
coating with heparin® or thrombomodulin,* two natural an-
ticoagulants, and the immobilization of extracellular matrix
proteins or active small peptides for promoting the growth of
endothelial cells.’ Another approach, less exploited till now,
makes use of synthetic drugs that are active in preventing
blood clotting. For instance, a thrombin inhibitor derived from
Argatroban (MD-805)° was graft-polymerized on the surface of
polyurethane membranes.”® A p-amino-benzamidine derivative
was covalently immobilized on maleic anhydride copolymer thin
films by nucleophilic substitution via a spacer.’

In our laboratory, we are interested in the biocompatibi-
lization of polymer materials by their surface derivatization
with biologically active molecules of synthetic origin, designed
on the basis of medicinal chemistry data. Polyesters, such as
poly(ethylene terephthalate) (PET) and poly(butylene tereph-
thalate) (PBT) were chosen as model substrates. For instance,
the surface grafting of peptidomimetics of the Arg-Gly-Asp
sequence on PET membranes resulted in materials showing
interesting cell adhesion properties.'*"! Now, we consider the
possibility to improve the blood compatibility of polyesters by
the covalent grafting of thrombin inhibitors. For that purpose,
we have synthesized and evaluated a novel family of thrombin
inhibitors equipped with a spacer arm for polymer surface
anchorage. This study reports on the design, preparation, surface
grafting and in vitro evaluation of the inhibitory activity and
anticoagulant effect of this family of compounds based on the
L-arginine template. Taking into account possible disturbance
due to the spacer arm, in silico evaluation of the interaction
with the protein active site has been performed, as well as the
X-ray diffraction study of one representative thrombin-inhibitor
complex.

This journal is © The Royal Society of Chemistry 2005

2. Results
2.1 Design of the thrombin inhibitors

Clot formation results from a complex sequence of biochemical
events including the blood coagulation cascade in which throm-
bin plays a central role. Thrombin is a serine protease involved
in the conversion of soluble fibrinogen into insoluble fibrin and
in the activation of platelet aggregation.'? This key protein has
become the principal target in the discovery of novel antithrom-
botic agents.'™* Historically, two research lines have been
developed in parallel: (i) the steric inhibitors (non-covalently
bound) based on two simple lead compounds, namely N-tosyl-
L-arginine methyl ester (TAME, Fig. 1),’* and benzamidine;'*
(ii) the electrophilic inhibitors (covalently bound) derived from
the tripeptide motif (D)-Phe-Pro-Arg,'” with the peptide arginal
Efegatran'® and the chloromethylene ketone PPACK,* as leads.
The only two synthetic thrombin inhibitors, Argatroban® and
Ximelagatran,® available at the moment in the market for the
treatment of coagulation complications were developed from the
first class of inhibitors.

In our context of biomaterials, the surface bound inhibitor is
not allowed to be processed by the enzyme. We thus selected
one representative of the first class as a model compound.
We considered a simplified structure of Argatroban 1 (Fig. 1)
featuring the following characteristics: (i) the guanidyl function
of the L-arginine skeleton, for specific ionic interaction with Asp-
189 in the S1 enzyme pocket—since oral bioavailability™ is not a
relevant problem in the field of hemocompatible materials, this
strongly basic function could be maintained as a recognizing
function; (ii) the lipophilic sulfonamide moiety, for interaction
with the S2-S3 binding sites—this substituent was also used
to introduce a trifluoromethyl group as a useful spectroscopic
tag? for XPS (X-ray photoelectron spectroscopy) analysis of the
biomaterial surface and quantification of the amount of grafted
inhibitor; (iil) the piperidinyl amide moiety (X = CH,), stable
towards processing by the active serine of thrombin and blood
esterases—it has been proven that the acid function placed on
the piperidine ring of Argatroban is not absolutely necessary for
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Fig.1 Thrombin inhibitors.

activity."* Moreover, by removing the carboxylic acid and methyl
group in the piperidine ring of Artagroban, we also avoided the
control of two chiral centers.

We further transformed the piperidine ring into a piperazine
(X = NH) with the view to introduce a versatile anchorage
point for different spacer arms, without creating a new chiral
center. Thus, we chose to fix the spacer arm on the amide
substituent; this was also the strategy selected by Ito and
Imanishi® who transformed the acid function of Argatroban
into a polymerizable acrylamide residue.

The effect of the piperazine motif on the activity, and the
effect of the spacer arm on the positioning in the enzyme cavity,
had to be controlled before using molecules 1 in our biomaterial
application. Accordingly, we prepared the reference compound
1a, the parent compound 1b, and two derivatives 1¢, and 1d,
bearing respectively a short and a long spacer. The terminal
function of the spacer is a primary amine for coupling to
polymers displaying activated hydroxyl or carboxyl functions,
following previously established protocols.?**

2.2 Chemistry

The target molecules 1 were constructed from protected argi-
nine 2 (N-o-Boc-N-@-nitro-L-arginine) in five steps outlined in
Scheme 1. After activation of the carboxyl function, piperidine
(X = CH,), N-(benzyloxycarbonyl)piperazine (X = NCO,Bn)
and piperazines 8 and 13 (X = N-spacer—-NH-CO,PNB) were
coupled to give the corresponding amides 3a—d (Table 1). After
deprotection of the terz-butoxycarbonyl group (Boc), reaction
of the free amine 4 with m-(trifluoromethyl)benzenesulfonyl
chloride led to compounds 5a—d (Table 1). The final compounds
la—d (Table 1) were isolated as acetate salts after cleavage of the
protective groups by catalytic hydrogenation.

Piperazines 8 and 13 equipped with the protected amino-
propyl and aminododecyl spacers were independently pre-
pared according to Scheme 2, by using classical chemistry.
The piperazine carrying the C3 spacer was prepared from 3-
bromopropylamine by first protecting the amino group, then
substitution of the bromine with Boc-piperazine, and finally
Boc deprotection. For the preparation of the piperazine carrying
the C12 spacer, the sequence starting from 12-aminododecanoic

Table 1 Yields of inhibitors and intermediates

X« 3, (%) 4, (%) 5 (%) 1,(%)
CH, a, 70 a, quant. a, 70 a, 95
N-CO,Bn b, 63 b, quant. b, 70 —
N-H — — — b, 90
N-(CH,);-NH-CO,-PNB ¢, 60 ¢, quant. c, 75 —
N-(CH,);-NH, — — — ¢, 90
N-(CH,),,-NH-CO,-PNB d, 65 d, quant. d,75 —
N-(CH,),,-NH, — d, 90

“Bn = CH,Ph; PNB = CH,-Ph-p-NO,.
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Scheme 1 General synthesis of compounds 1a—d: (i) iBuO,CCl, Et;N,

THEF, —20 °C, 15 min; (i) azacyclohexane, THF, —20 °C to 20 °C, 1 h;
(iii) TFA-CH,Cl, 1 : 1,20 °C, 2 h; (iv) 3-trifluoromethyl-benzenesulfonyl
chloride, Et;N, CH,Cl,, 0 °C to 20 °C, 4 h; (v) H,, Pd/C, EtOH-AcOH
(3:1),50°C, 12 h.

acid involved the protection of the amino group, the reduction
of the carboxylic acid to the corresponding alcohol, and its
activation for the substitution with Boc-piperazine.

Intermediates and final products of Schemes 1 and 2 were
fully characterized by IR, NMR and Mass spectroscopy (see
Experimental).

2.3 Biological activity

The inhibition of human thrombin (K;) by compounds la—
d was measured spectrophotometrically using as a competi-
tor the chromogenic substrate H-D-phenylalanyl-L-pipecolyl-L-
arginine-p-nitroanilide dihydrochloride (S-2238). The thrombin
activity was evaluated from the hydrolysis rate of S-2238
measured at 405 nm (production of p-nitroaniline). All the
compounds were active at the micromolar level, similarly to
TAME (Table 2). The presence of a basic function on the amide
substituent, and the use of this function to fix an amino-alkyl
chain, did not significantly modify the activity.

The effect of compounds 1a—d on clot formation on polymer
materials surface was also evaluated with human whole blood.
Two representative substrates were considered, a cell culture
support made of PET and a blood filtration membrane made of
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Scheme 2  Synthesis of the piperazine linked spacer arms: (i) NaOH 1 N, p-nitro benzylchloroformate, THF, 0-5 °C; (ii) Boc-piperazine, CH,Cl,,
DIPEA, 60 °C; (iii) HCI 1 N, HOAc; (iv) BH;-THF, MeOH, HCI; (v) MeSO,Cl, pyridine, CH,Cl,, 0-5 °C; (vi) Nal, Boc-piperazine, DIPEA, CH,CN,

85°C; (vii) TFA-CH,CL 1 : 1.

Table 2 Inhibition of human thrombin

Compound K;/uM*
la 4-8

1b 17-24
lc 8-18

1d 25-39
TAME 5-6

“Reported values are the result of two independent measurements.

PBT. The weight of clot was measured on native polymers and on
polymers coated with inhibitors, under standardized conditions,
using heparin (Hep) as a control (Table 3).

Compounds 1a—d were found to be active anticoagulants in
our experimental conditions (about 100 nmol cm~2 of inhibitor
on apparent support surface) reducing the weight of clot on both
substrates by about 25%, while TAME was similarly active on
PBT only.

Table 3 Inhibitor coating effect on blood clot formation

Sample Clot weight/mg*
PET 275+1.5
PET Hep 114405
PET 1a 201+ 1.4
PET 1c 19.6 £4.2
PET 1d 21.6 £3.0
PET TAME 27.0+£2.0
PBT 299 +£1.0
PBT Hep 8.0+3.2
PBT 1a 205+ 1.0
PBT 1c¢ 22.0+£32
PBT 1d 238+ 1.5
PBT TAME 23.0+3.1

“Results are the mean of 3 independent experiments + standard
deviation.

2.4 Docking study

Our purpose was to localize, by molecular modelling, the pos-
sible positions of the spacer arm of compounds 1 in the thrombin
cavity. Indeed, after grafting on a solid support via the spacer
terminus, the inhibitor should still be able to enter and fit in the
enzyme active site.

Thrombin is formed by an A chain of 36 amino acids and
a B chain of 259 amino acids connected by a disulfur bridge.
This enzyme contains the catalytic triad (Asp-102, His-57, Ser-
195) characteristic of the chymotrypsin family. Moreover, three
important binding pockets have been identified: the specific
pocket S1 with Asp-189, the hydrophobic proximal pocket S2
(also called P-pocket) and a larger hydrophobic distal pocket S3
(also called D-pocket).?*2¢

In our docking study, the coordinates of the human thrombin
crystal structure complexed with Argatroban (1IDWC in PDB)
were used.” In order to test the two docking algorithms
(Autodock® and Gold®), Argatroban was firstly docked in
thrombin. The resulting complexes are in good agreement with
the crystal structure (data not shown).

The most active compound of the series, 1¢, was then docked
using the two methods. To account for amino acids flexibility
of the active site, the solutions common to the two programs
were then refined with the Discover3 module.* Only the three
water molecules close to the catalytic triad in the crystal complex
were considered during the run. The geometry of the ligand was
optimized in vacuo using quantum mechanics and particularly
the HF/6-31+G(d,p). method and the 6-31+G** basis set
(Gaussian98 program).’! The guanidyl and terminal amine
groups of 1c¢ were considered as protonated at physiological
pH. The theoretical pK, of the piperazine moiety was calculated
with the PALLAS program (CompuDrug Chemistry), and gave
a value of 7.6 for the alkylamine. That means that about 50% of
the ligand is not protonated. Here, we have considered this form
but the conclusions are the same for the protonated state of the
piperazine moiety.

Two binding modes, being the two best ranked solutions of
both programs, were identified (Fig. 2). In the first mode (A,
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Fig. 2 Two potential binding modes of 1c¢ into the binding site of human thrombin, as deduced by docking and energy minimization studies. Water

molecules and hydrogen atoms were omitted for clarity.

“internal”), the spacer points into the binding site of the enzyme,
while in the second one (B, “external”), the spacer points toward
the surface of the enzyme.

In the “internal” mode, compound 1c¢ approximately lay in
the same orientation as Argatroban. The guanidyl function was
close to Asp-189 in the S-pocket and interacted by H-bonding
with Gly-219 and a water molecule. The lipophilic sulfonamide
moiety lay in the D-pocket and the sulfone group interacted with
Gly-219. The piperazine group and its spacer arm were buried in
the P-pocket where H-bond was observed between Ser-195 and
the amine group. The amide carbonyl moiety was also involved
in H-bonding with Gly-216.

In the “external” mode, the lipophilic sulfonamide and
piperazine moieties were located in the P- and D-pockets
respectively. The guanidyl function still lay in the S-pocket. The
sulfone group was involved in H-bonding with Ser-195 and His-
57, and the amide carbonyl with Gly-219. The trifluoromethyl
group interacted with Lys-60f and a water molecule; the
protonated amine interacted with Glu-97a and was close to
the enzyme surface. Moreover, n—n stacking interaction was
observed between Trp-60d and the phenyl group.

The two complexes were found to be stable and have very
close binding energies, —79.2 and —79.6 kcal mol™! respectively.
Thus, the docking studies clearly showed that both orientations
are possible from the energetic point of view.

2.5 X-Ray diffraction

Several crystal structures”*>* of thrombin complexed with
covalent and non -covalent inhibitors have been disclosed, since
the seminal work of Bode ef al.® A single crystal of the novel
compound 1c¢ and human o-thrombin was prepared by using
the hanging drop vapour diffusion technique, in the presence
of hirudin peptide fragment; this crystal diffracted to 1.65 A
resolution.

In the X-ray complex structure, a well-defined electron density
for the enzyme at the catalytic site and for the inhibitor was found
(Fig. 3A). Not surprisingly, the binding mode of compound 1¢
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to the different pockets of the active site of a-thrombin was
very similar to that of inhibitor MD-805 (Argatroban) as was
described in structure 1IDWC? and was close to the “internal
mode” described above (see superimposition in Fig. 4). Such
experimental observation validates our theoretical approach.
The orientation of compound 1¢ in the active site of o-
thrombin is described in Fig. 3B and the compared distances in
inhibitor binding are listed in Table 4. The guanidyl group (N22,
N21 and N19) was oriented to the S-pocket but was unable to
form H-bonds with the OD1 and OD2 groups of the Asp-189
side chain, as it is in the o-thrombin—-Argatroban complex or
in the “internal mode”. The sulfonamide moiety lay in the D-
pocket with the O24 atom of the sulfone group H-bonded to
the amide backbone of Gly-219. The carbonyl O15 and amide
N12 were both H-bonded to the peptidic backbone of Gly-
216, as described in the o-thrombin—-Argatroban complex. In
the “internal mode”, Gly-216 was slightly shifted. Its carbonyl
backbone is moved about 1 A from its position observed in the a-
thrombin—Argatroban complex and further from the inhibitor
amide N12 atom, resulting in the loss of the hydrogen bond.
The loss of one hydrogen bond induced a different positioning
of the piperazine cycle, bound in the P-pocket, in comparison
with the two X-ray structures where it makes a hydrophobic
interaction with the catalytic His-57. The spacer with its amine
terminal group (N9) also had a different orientation in the X-ray
structure compared to the model. While in the “internal mode”
structure we observed H-bonding between the OG hydroxyl
function of the active serine and the OE1 and OE2 groups of the
Glu-192 side chain, the X-ray structure revealed an unexpected
interaction with the NZ terminal amine group of the Lys-60f
side chain. Since this spacer does not exist in Argatroban, this
kind of interaction was unpredictable by theoretical methods.

2.6 Inhibitors grafting on surface

Transformation of hydroxyl group into sulfonic ester is a well-
known processin organicsynthesis for alcohol activation towards
nucleophilic substitution. This strategy was already successfully
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Fig.3 (2F,—F,) electron density map of compound l¢, at the active site of the human o-thrombin complex, at 1.0c contour level (A). Interactions
of compound 1, at the active site of the human o-thrombin complex (B). The inhibitor is in the same orientation as in Fig. 2A. The CPK colour
code has been used for both protein and inhibitor atoms, with compound 1c atoms drawn in larger spheres. Shortest contacts with the protein within

a distance of less than 4.1 A are shown with dotted lines.
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Fig. 4 Superimposed active sites of crystal structure of the a-thrombin complex with compound 1¢ (in CPK color code), the “internal” binding
mode model (Fig. 2A) (in magenta) and the crystal structure of the o-thrombin complex with compound MD-805 (Argatroban) from structure
1DWC (in cyan). Compound 1c and MD-805 atoms are drawn in larger sphere.

used in our laboratory for polymer functionalization.”? Chain-
end hydroxyl groups of PET and PBT membranes were activated
with p-toluenesulfonyl chloride (TsCl) and pyridine. The incu-
bation of activated membranes with inhibitor solutions should
provide sulfonyl ester displacement and covalent fixation of the
active molecules on the surfaces (Scheme 3). The efficiency of
the binding was verified by XPS analysis. Blank samples were
prepared by processing samples without the activating agent
p-toluenesulfonyl chloride. The F detection on blank samples
could be attributed to unspecific adsorption. The corrected

values of F/C (difference between activated and blank samples)
allowed the quantification of grafted inhibitors (Table 5). The
fixation of compound 1¢ on both surfaces was not successful: on
PET the difference in F detection on blank and activated samples
(act) was not significant, while on PBT no F was detected. On
the other hand, compound 1d resulted in a good level of fixation,
with a higher ratio on PET than on PBT. From the F/C corrected
values we could determine the concentration of grafted signals
in the interface domain analyzed by XPS (50-100 A depth or
about 10 atomic layers). These values (% derivatization) were
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Table 4 Compared distances in inhibitor binding

Table 6 Inhibitor grafting effect on blood clot formation

Distance/A Clot weight/mg*
Inhibitor/protein atom PET 1d blank 297+ 04
identification 1DWC IW7G  Internal mode PET 1d act 275+ 1.5
PET 1c blank 31.3+34
X*N22 Asp-189 OD1 3.05 3.58 3.33 PET 1c act 31.1 +5.7
Asp-189 OD2 2.93 4.08 2.93 PBT 1d blank 285+ 4.1
Ala-190 O 3.63 4.12 2.97 PBT 1d act 217+ 45
Tip-2150 4.06 3.31 3.80 PBT 1c¢ blank 293+ 1.4
Gly-2190 4.50 4.93 2.95 PBT Ic act 29.740.6
X N21 Asp-189 OD1 5.07 5.37 4.28
Asp-189 OD2 5.11 6.11 2.73 “Results are the mean of 3 independent experiments + standard
Ala-190 O 4.36 5.19 3.97 deviation.
Trp-2150 3.76 3.44 4.62
Gly-219 O 5.48 6.43 5.01
X*N19  Ala-190 O 3.55 3.26 3.11 The PBT membrane is tortuous and highly porous; the lack of
X“024  Gly-219N 3.76 3.21 3.02 crystallographic and density data in this case did not allow a
X* 015 Gly-216 N 3.01 3.02 3.29 similar calculation of surface molecular concentration.
X“NI12 Gly-216 O 2.85 2.73 5.05 . .
X« 034 Ser-195 OG 599 - o The different morphology of the two polymers may explain
X4 N9 Ser-195 OG _ 591 296 the systematically lower fixation ratios observed in the web-like
His-57 O _ 3.50 4.71 PBT membrane in comparison with the smooth PET membrane.
Lys-60f NZ — 2.81 4.48 Grafting phenomena occur in the solvent accessible surface of
Glu-192 OEIl — 6.59 2.99 the membrane (open surface) that, in the case of the particular
Glu-192 OE1 — 4.80 2.63

“ The inhibitor name is abbreviated by X and represents compound MD-
805 (Argatroban) in structure IDWC and compound 1c (this study) in
structure IW7G and “internal mode”, respectively. Atom numbers refer
to Fig. 4 atom labels.

transformed into pmol cm~ as previously described for PET.>
Indeed this membrane is dense, regular and semi-crystalline.
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Scheme 3 Inhibitors grafting on polyesters surface: (i) TsCl, pyridine,
acetone, 20-60 °C, 1 h; (ii) NH,R (inhibitors), PBS (pH 7.2)-CH;CN 1 :
1,2h,20°C. PET: n=2; PBT: n =4.

morphology of the considered PBT membrane, may not coincide
with the XPS analyzed portion of the sample. Indeed, grafted
signals, mostly present in the polymer matrix for instance, could
be underestimated by the spectroscopic analysis.

The evaluation of materials hemocompatibility was per-
formed by measuring the weight of clot formed on the supports
after static incubation with blood in standardized conditions.
The blood clot formation on samples grafted with compound
1d was found to be systematically lower than on blank samples
(Table 6). The decrease in blood clot formation was more
important on PBT (around 24%) than on PET (7%). No effect
on blood clot formation was observed on samples treated with
compound le. This finding was not surprising as low fixation of
1c was detected on PET and no fixation at all was observed on
PBT.

3. Conclusion

Although significantly less active than Argatroban, the designed
inhibitors 1 were found to be sufficiently active for our bio-
material application. The lack of condensed piperidine ring
on the N-terminal sulfonyl benzene group, and carboxyl and
methyl groups on the C-terminal piperidine ring, in fact caused
a weaker inhibition potency. However the activities were found
to be similar to amide derivatives of N,o-substituted-L-arginine
precursors of Argatroban® and benzamidine derivatives devel-
oped for material hemocompatibilization.’

Our novel thrombin inhibitors were designed to be grafted
on the surface of biomaterials via a spacer arm, either short
(compound 1¢) or long (compound 1d). From docking and X-
ray studies, two potential binding modes of 1¢ in thrombin
were identified. The docking studies clearly showed that both
orientations are possible, from an energetic point of view. Indeed,

Table 5 Atomic surface composition of modified polymers analyzed by XPS

Cls Ols F1s N 1s Si2p F/C Corr F/C Der% “ pmolcm—2*

PET 1c blank 72.1 27.0 0.2 0.2 0.5 0.003

PET 1c act 73.4 25.6 0.3 0.5 0.3 0.004 0.001 0.4 11

PET 1d blank 69.0 27.7 0.7 1.5 1.1 0.010

PET 1d act 69.5 25.5 1.3 1.9 1.8 0.019 0.009 33 94

PBT 1c blank 73.5 26.2 0.0 0.2 0.1 0

PBT 1c act 74.5 25.2 0.0 0.2 0.1 0 0 0 0

PBT 1d blank 72.1 242 0.2 0.8 2.8 0.003

PBT 1d act 71.2 25.2 0.6 1.0 2.1 0.008 0.005 1.9 —

“ Percentage of covalently derivatized monomer units. > Concentration of surface fixed inhibitors.
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the two complexes are stable and have very similar binding
energies. The second mode, called “external mode”, where the
molecular spacer is close to the enzyme surface, showed that
the grafted inhibitor would still be able to bind the active site
of thrombin. Docking studies of analogues of 1¢ bearing longer
spacers ((CH,), and (CH,);) were also performed and confirmed
the possibility of observing both the A (internal) and B (external)
modes of binding (data not shown). Interestingly, for those
longer spacers, even in the so-called “internal mode” observed
experimentally, the spacer was also able to join the enzyme
surface by displacing Trp-60d (data not shown). The same
situation should occur with compound 1d bearing a (CH,),,
spacer arm. Moreover, from biological data, we observed that
the substitution of a CH, group with a NH function in position
4 of the piperidine ring, as well as the introduction in the same
position of a spacer arm, does not change significantly the
activity of the inhibitor (Table 1).

All the experimental and theoretical results confirmed our
initial hypothesis that an inhibitor carrying a suitable spacer
arm in position 4 of the piperazinyl-amide moiety should be
able to enter and fit the active site of thrombin providing the
specific biological activity that we required for the development
of blood-compatible materials. The grafting of our synthetic
thrombin inhibitors on a polyester surface was performed and
validated by XPS thanks to the incorporation of a fluorine tag
into their structures: fixation of compound 1d with a long spacer
was more efficient than the grafting of 1¢ equipped with a short
arm. Moreover, due to the morphology of the polymers chosen
as models for this study, the ratio of PET surface derivatization
was higher than that of PBT.

The grafting of compound 1d on both PET and PBT
membranes was found to reduce significantly the blood clot
formation. The inhibitor bound on the surface is still active
and its surface concentration of about 90 pmol cm™ seems
to be sufficient to inhibit the coagulation cascade. Modifi-
cation of the grafting protocol and other surface activation
techniques are under investigation to increase the surface
concentration of bioactive signals and hopefully improve the
materials performance. Nevertheless, the proposed technique
appeared to be a very promising method for the development
of hemocompatible polymer materials, by mild, non-aggressive
wet-chemistry treatments.

4. Experimental
4.1 Chemistry

Reagents and solvents were purchased from Acros Chim-
ica, Aldrich or Fluka. Tetrahydrofuran was dried over
sodium/benzophenone, then distilled. Column chromatography
was carried out with silica gel 60 (70-230 mesh ASTM) supplied
by Merck. The IR spectra were recorded with a Perkin-Elmer
1710 instrument, only the most significant adsorption bands
being reported. The mass spectra were obtained with a Finnigan
MAT TSQ-70 instrument. The high resolution mass spectra
(HRMYS) were performed at the University of Mons, Belgium
(Professor R. Flammang). The microanalyses were performed
at the Christopher Ingold Laboratories of University College,
London (Dr A. Stones). The melting points were determined
with an Electrothermal microscope and are uncorrected. The 'H
and “C NMR spectra were recorded on Varian Gemini 300 (at
300 MHz for proton and 75 MHz for carbon) or Bruker AM-
500 spectrometers (at 500 MHz for proton and 125 MHz for
carbon); the chemical shifts were reported in ppm (J) downfield
from tetramethylsilane (TMS).

4.1.1 General procedure for the preparation of 5-(3-nitrogua-
nidino)-2(S)-zert-butoxycarbonylamino-1-(azacyclohexan-1-yl)-
pentan-1-one (3a—c). N-o0-Boc-N-o-nitro-L-arginine (1.00 g,
3.13 mmol, 1 equiv) was dissolved in dry THF (10 mL) and
Et;N (0.32 g, 3.13 mmol, 1 equiv). Isobutyl chloroformate

(0.43 g, 3.13 mmol, 1 equiv) was then added dropwise at —20
to —25 °C. After 30 min azacyclohexane (3.13 mmol, 1 equiv)
in dry THF (2 mL) was added dropwise at —20 °C and stirred
for an additional 20 min. The solution was allowed to warm
up to room temperature and stirred for 1 h. The solvent was
then evaporated and the solid residue partitioned between
EtOAc and brine. The organic layer was dried over MgSO, and
concentration under vacuum gave crude 3 that was purified by
column chromatography on SiO, (EtOAc) with a yield of about
65%.

5-(3-Nitroguanidino)-2(.S)-tert-butoxycarbonylamino-1-(piper-
idin-1-yl)pentan-1-one (3a). White amorphous solid; R; = 0.5
(Si0,, EtOAc, UV); IR v, (CH,Cl, liquid film on NaCl) 3292,
2932, 2857, 1700, 1624, 1522, 1445, 1366, 1254, 1165 cm™; dy
(300 MHz, CDCl;, Me,Si) 1.42 (9H, s), 1.56 (2H, m), 1.65 (6H,
m), 1.74 (2H, m), 3.27 (1H, m), 3.36 (2H, m), 3.52 (1H, m),
3.59 (2H, m), 4.58 (1H, m), 5.90 (1H, d, J = 7.0 Hz), 7.87 (2H,
s), 8.95 (1H, s); ¢ (50 MHz, CDCl;, Me,Si) 24.2, 24.3, 25.3,
26.2, 28.3, 31.3, 40.1, 43.2, 46.4, 48.5, 80.3, 156.6, 159.3, 169.5;
MS (ESI) m/z 387.0 (M*, 100%); HRMS (ESI) m/z: 425.1912
(caled for C¢H3;NyOsK = 425.1915).

5-(3-Nitroguanidino)-2(.S)-tert-butoxycarbonylamino-1-[4-(ben-
zyloxycarbonyl)piperazin-1-yl]pentan-1-one (3b). White
amorphous solid; R; = 0.1 (SiO,, EtOAc, UV); IR v,,, (KBr)
3305, 2979, 2932, 1700, 1635, 1430, 1251, 1231, 1165 cm™; dy
(300 MHz, CDCl,, Me,Si) 1.42 (9H, s), 1.64 2H, m), 1.72 (2H,
m), 3.20 (1H, m), 3.30-3.60 (8H, m), 3.65 (1H, m), 4.57 (1H,
m), 5.13 (2H, s), 5.80 (1H, m), 7.34 (5H, m), 7.74 (2H, m), 8.87
(1H, m); 6. (50 MHz, CDCl;, Me,Si) 24.5, 28.3, 30.7, 40.5,
41.9,43.6,43.7,45.2,49.2, 67.5,80.2, 127.8, 128.1, 128.5, 136.3,
154.9, 156.1, 159.5, 170.5; MS (APCI) m/z 522.0 (M*, 100%),
465.9 (50%), 422.1 (7%); Anal. calcd. for C,;H;sN,0;-0.5H,0:
C, 52.18; H, 6.63; N, 17.98%. Found: C, 52.32; H, 6.85; N,
18.04%.

{(S)-1-[4-(3-(4-Nitrobenzyloxycarbonyl)aminopropyl)pipera-
zine-1-carbonyl]-4-nitroguanidino-butyl } carbamic  acid  tert-
butyl ester (3c). Beige amorphous solid; R, = 0.1 (SiO,,
isopropanol-CH,Cl, 10 : 90, UV); IR v,,,, (CH,Cl, liquid film
on NaCl) 3305, 2926, 2857, 1704, 1629, 1521, 1445, 1347,
1254 cm™'; 6y (500 MHz, CDCl;, Me,Si) 1.43 (9H, s), 1.63 (2H,
m), 1.71 (4H, m), 2.42 (2H, m), 2.46 (2H, m), 2.50 (2H, m),
3.25 (1H, m), 3.30 (2H, m), 3.43 (2H, m), 3.61 (3H, m), 4.56
(1H, m), 5.18 (2H, s), 5.58 (1H, t, J = 5.7 Hz), 5.81 (1H, d, J =
8.3 Hz), 7.50 (2H, d, J = 8.4 Hz), 7.59 (2H, m), 8.21 (2H, d,
J = 8.4 Hz), 8.68 (1H, m); o (75 MHz, CDCl;, Me,Si) 24.2,
26.0,28.2,31.2,40.1,42.0,45.3,48.6,52.4,52.9, 56.1, 64.9, 80.4,
123.6,128.0, 144.1,147.4,155.8, 156.5, 159.3, 169.8; MS (APCI)
m/z 624.2 (M*, 100%); Anal. caled. for C,sH, NoOy-H,O: C,
48.66; H, 6.76; N, 19.65%. Found: C, 48.62; H, 6.16; N, 19.05%.

{12-[4-((S)-2-tert-Butoxycarbonylamino-5-nitroguanidino-
pentanoyl)piperazin-1-yl]-dodecyl }carbamic acid 4-nitrobenzyl
ester (3d). Yellow amorphous solid; R; = 0.5 (SiO,, EtOAc,
UV); IR v,,, (CH,Cl, liquid film on NaCl) 3354, 2928, 2855,
1708, 1650, 1523, 1437, 1347, 1254 cm™'; 6, (300 MHz, CDCl,,
Me,Si) 1.26 (12H, m), 1.43 (9H, s), 1.49 (4H, m), 1.64 (2H, m),
1.75 (2H, m), 2.36 2H, t, J = 7.2 Hz), 2.45 (4H, m), 3.19 (2H,
q, J = 6.6 Hz), 3.26 (1H, m), 3.46 (2H, m), 3.64 (3H, m), 4.56
(1H, m), 4.85 (1H, m), 5.19 (2H, s), 5.85 (1H, d, J = 8.2 Hz),
7.51 2H, d, J = 8.7 Hz), 7.80 (2H, m), 8.21 (2H, d, J = 8.7
Hz), 8.84 (1H, m); d. (50 MHz, CDCl;, Me,Si) 26.8, 27.5, 28.0,
29.3, 29.6, 29.9, 41.2, 43.6, 52.9, 58.7, 65.0, 71.5, 123.6, 128.0,
144.3, 147.6, 155.5, 155.7, 159.8, 168.0; MS (APCI) m/z 750.3
(M*, 100%); Anal. calcd. for C;sH5N,O,-0.5H,0: C, 55.39; H,
7.97; N, 16.61%. Found: C, 55.70; H, 8.00; N, 16.14%.

4.1.2 General procedure for the preparation of 2(.5)-amino-5-
nitroguanidino-1-(azacyclohexan-1-yl)pentan-1-one (4). Prod-
uct3(1.25mmol) was dissolved ina 1 : 1 mixture of TFA-CH,Cl,
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(10 mL) and stirred at room temperature for 3 h. The solution
was concentrated at reduced pressure and the obtained orange
gel was suspended and triturated in Et,O until precipitation
of the trifluoroacetate salt as a crystalline solid occurred. The
precipitate was washed with Et,0O and used directly in the
next reaction (quantitative yield). For spectroscopic analysis the
product was converted to the free amine by dissolution in NaOH
1 N, and extraction of the aqueous solution with EtOAc (about
90% product recovery).

2(S)-Amino-5-nitroguanidino-1-(piperidin-1-yl)pentan-1-one
(4a). White amorphous solid; IR v, (KBr) 3292, 2937, 2857,
1617, 1439, 1257 cm™'; 6y (300 MHz, D,0O) 1.47 (2H, m), 1.64
(6H, m), 1.91 (2H, m), 3.29-3.42 (4H, m), 3.51 (1H, m), 3.67
(1H, m), 4.57 (1H, t, J = 5.7 Hz); d. (50 MHz, D,0) 23.9,
25.2, 25.6, 26.3, 27.5, 30.6, 40.4, 44.4, 47.2, 50.7, 159.1, 167.1;
MS (ESI) m/z 287.1 (M*, 100%); HRMS (ESI) m/z: 309.1643
(calcd for C;;H;,NsO;Na = 309.1651).

4-(2-(S)-Amino-5-nitroguanidino-pentanoyl)piperazine-1-car-
boxylic acid benzyl ester (4b). White solid; IR v,,, (KBr) 3290,
3055, 2938, 1700, 1638, 1430, 1265, 1232 cm™'; d,4 (300 MHz,
CDCl;, Me,Si) 1.47 (2H, m), 1.70 (4H, m), 3.30 (2H, m),
3.35-3.65 (8H, m), 3.82 (1H, m), 5.15 (2H, s), 7.36 (SH, m),
7.80-8.40 (3H, br); o (50 MHz, acetone, Me,Si) 25.1, 29.1,
41.4,43.6,44.7,44.9,46.6,51.9,68.2,129.1, 129.2, 129.7, 138.5,
156.2, 161.2, 170.5; MS (APCI) m/z 422.4 (M*, 100%); HRMS
(ESI) m/z: 422.2172 (calcd for C,sHxN,O5 = 422.2152).

{3-[4-(2-(S)-Amino-5-nitroguanidino-pentanoyl)piperazin-1-
yllpropyl}carbamic acid 4-nitrobenzyl ester (4c). Brown
amorphous solid; IR v,,, (KBr) 3600-3200, 1701, 1638, 1551,
1329 cm™'; y (300 MHz, D,0) 1.66 (2H, m), 1.90 (4H, m), 3.00
(1H, m), 3.20 (5H, m), 3.27 (3H, m), 3.59 (4H, m), 4.05 (1H,
m), 4.53 (1H, m), 5.17 (2H, s), 7.53 (2H, d, J = 8.1 Hz), 8.19
(2H, d, J = 8.1 Hz); é. (75 MHz, CDCl;, Me,Si) 25.1, 26.1,
29.7, 40.3, 40.7, 42.3, 45.2, 50.7, 52.7, 53.3, 56.3, 65.0, 123.6,
128.0, 144.2, 147.4, 155.8, 159.6, 173.2; MS (APCI) m/z 524.2
(M*, 100%); Anal. calcd. for C,;H;;N,O;: C, 48.18; H, 6.35; N,
24.08%. Found: C, 48.14; H, 6.43; N, 24.15%.

{12-[4-((S)-2-Amino-5-nitroguanidino-pentanoyl)piperazin-1-
ylldodecyl}carbamic acid 4-nitrobenzyl ester (4d). Yellow
amorphous solid; IR v, (CH,Cl, liquid film on NaCl) 3300,
2928, 2855, 1708, 1690, 1521, 1347, 1256 cm™'; 6, (300 MHz,
D,0) 1.18 (16H, m), 1.20 (2H, m), 1.43 (2H, m), 1.69 (4H, m),
1.91 (2H, m), 3.11 (6H, m), 3.29 (2H, m), 3.64 (4H, m), 4.55
(1H, m), 5.17 (2H, s), 7.54 2H, d, J = 8.1 Hz), 8.22 2H, d, J =
8.1 Hz); ¢ (50 MHz, CDCl;, Me,Si) 24.2, 24.3, 24.4,27.3, 27.5,
40.3, 40.8, 41.6, 43.3, 51.2, 51.6, 51.8, 51.9, 57.3, 57.5, 59.3,
65.1, 73.1, 124.4, 129.0, 145.2, 146.7, 156.8, 162.0, 168.7; MS
(APCI) m/z 650.5 (M*, 100%); HRMS (ESI): 650.4001 (caled
for C3 H5,NyO, = 650.3990).

4.1.3 General procedure for the preparation of 3-trifluoro-
methyl-benzenesulfonic acid [4-guanidino-1(S)-(azacyclohexan-
1-ylcarbonyl)butyl]Jamide (5). Product 4 (0.54 mmol, 1 equiv)
was dissolved CH,Cl, (5 mL) and Et;N (0.1688 g, 1.67 mmol,
3.1 equiv). Then 3-trifluoromethyl-benzenesulfonyl chloride (0.
1527 g, 0.64 mmol, 1.2 equiv) in CH,Cl, (1 mL) was added
dropwise with stirring at 0-5 °C. The solution was stirred for
additional 2 h at room temperature, then the mixture was washed
with brine, dried over MgSQ,, and evaporated under reduced
pressure. The residue was purified by column chromatography
on SiO, (EtOAc) with a yield of about 75%.

3-Trifluoromethyl-benzenesulfonic acid [4-nitroguanidino-1(S)-
(piperidin-1-ylcarbonyl)butyllamide (5a). White amorphous
solid; R = 0.2 (SiO,, EtOAc, UV); IR v, (KBr) 3228, 2942,
2857, 1628, 1430, 1326, 1256, 1164, 1129 cm™'; dy (300 MHz,
CDCl;, Me,Si) 1.23 (2H, m), 1.51 (4H, m), 1.65 (2H, m), 1.86
(2H, m), 3.16 (3H, m), 3.37 (3H, m), 4.11 (1H, m), 6.53 (1H,
m), 7.61 (2H, m), 7.68 (1H, t, J = 7.5 Hz), 7.83 (1H, d, J =
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7.5 Hz), 8.06 (1H, d), 8.07 (1H, s), 8.79 (1H, m); . (50 MHz,
CDCl;, Me,Si) 23.9, 24.6, 25.2,26.2, 30.1, 40.5, 43.5, 46.4, 52.6,
123.2 (Jeg = 272.6 Hz), 124.2 (Jo¢ = 3.8 Hz), 1294 (Jor =
3.4 Hz), 130.0, 130.8, 131.5 (Jor = 33.3 Hz), 140.9, 159.5,
168.3; MS (APCI) m/z 495.2 (M*, 100%); Anal. calcd. for
C,sH,sN¢OsSF;-0.5H,0: C, 42.94; H, 5.40; N, 16.69; S, 6.37%.
Found: C, 42.78; H, 4.97; N, 16.23, S, 6.77%.

3-Trifluoromethyl-benzenesulfonic acid {4-nitroguanidino-
1(S)H4(benzyloxycarbonyl)-piperazin-1-yl-carbonyl]butyl} amide
(5b). White amorphous solid; R; = 0.2 (SiO,, EtOAc, UV);
IR v, (KBr) 3234, 2927, 2863, 1699, 1636, 1429, 1327, 1231,
1166, 1132 cm™'; 6, (300 MHz, CDCl;, Me,Si) 1.60 (2H, m),
1.78 (2H, m), 3.0-3.6 (10H, m), 4.18 (1H, m), 5.08 (2H, s), 6.77
(1H, brs), 7.30 (5H, m), 7.40 (2H, m), 7.60 (1H, t, J = 7.6 Hz),
7.78 (1H, d, J = 7.6 Hz), 8.02 (1H, d, J = 7.6 Hz), 8.04 (1H,
s), 8.60 (1H, br s); o (50 MHz, CDCl;, Me,Si) 24.2, 29.9, 40.4,
41.8, 43.0, 43.5, 44.9, 52.6, 67.5, 123.1 (Jor = 273 Hz), 124.0,
127.7, 127.8, 128.1, 128.4, 129.2, 129.9, 130.6, 131.4 (Jor =
33 Hz), 136.0, 140.7, 154.8, 158.9, 168.8; MS (APCI) m/z 630.1
(M*, 100%); Anal. calcd. for C,sH;N,O,SF;: C, 47.69; H, 4.80;
N, 15.57; S, 5.09%. Found: C, 47.52; H, 4.85; N, 15.13; S, 5.13%.

(3-{4-(S)-5-Nitroguanidino-2-(3-trifluoromethyl-benzenesul-
fonylamino)pentanoyl]piperazin-1-yl } propyl)carbamic acid 4-
nitrobenzyl ester (5c). Beige amorphous solid; R; = 0.5 (SiO,,
CH,Cl,-isopropanol 9 : 1, UV); IR v,,, (CH,Cl, liquid film on
NaCl) 3308, 2946, 1716, 1635, 1608, 1522, 1436, 1348, 1327,
1263, 1166 cm™'; 6, (300 MHz, CDCl;, Me,Si) 1.66 (2H, m),
1.80 (2H, m), 1.97-2.06 (2H, m), 2.30-2.38, (2H, m), 2.34 (4H,
m), 3.26 (5H, m), 3.34 (3H, m), 4.15 (1H, m), 5.18 (2H, s), 5.66
(1H, t), 6.62 (1H, br s), 7.51 (2H, d, J = 8.7 Hz), 7.66 (1H, t,
J=28.1Hz),7.81 (1H, d, J = 8.1 Hz), 8.04 (1H, d, J/ = 8.1 Hz),
8.06(1H,s),8.21 (2H, d,J=8.7Hz);d. (75 MHz, CDCl;, Me,Si)
25.3, 26.0, 29.8, 40.0, 42.0, 45.1, 52.2, 52.7, 52.8, 55.9, 64.8,
123.0 (Jor = 273 Hz), 123.5, 124.0 (Jor = 4 Hz), 126.4 (Jor =
4 Hz), 127.9, 129.8, 130.7, 131.1 (Jor = 32 Hz), 144.4, 146.1,
147.2, 155.8, 159.4, 168.2; MS (ESI) m/z 732.2 (M*, 100%);
Anal. Calcd. for C,sHyNyO,SF;: C, 45.96; H, 4.96; N, 17.23%.
Found: C, 46.06; H, 5.09.

(12-{4-[(S)-5-Nitroguanidino-2-(3-trifluoromethyl-benzenesul-
fonylamino)pentanoyl|piperazin-1-yl}dodecyl)carbamic acid
4-nitrobenzyl ester (5d). Orange amorphous solid; R, = 0.4
(Si0O,, CH,Cl,—isopropanol 9 : 1, UV); IR v, (CH,Cl, liquid
film on NaCl) 3314, 2928, 2854, 1707, 1632, 1523, 1431, 1347,
1327, 1263, 1166, 1134 cm™"; 5 (300 MHz, CDCl;, Me,Si) 1.24
(16H, m), 1.39 (2H, m), 1.50 (2H, m), 1.62 (2H, m), 1.85 (2H,
m), 1.98 (2H, m), 2.22 (2H, m), 2.35 (2H, m), 3.19 2H, q, J =
6.6 Hz), 3.25 (2H, m), 3.36 (4H, m), 4.10 (1H, m), 4.91 (1H, m),
5.18 (2H, s), 6.60 (1H, m), 7.50 (2H, d, J/ = 8.7 Hz), 7.68 (1H, t,
J=75Hz),7.81 (1H,d, J =7.5Hz), 8.04 (IH, d, J = 8.7 Hz),
8.07 (1H, s), 8.20 (2H, d, J = 8.4 Hz); d. (50 MHz, CDCl,,
Me,Si) 24.7, 25.6, 26.8, 27.0, 27.6, 29.5, 29.8, 30.1, 40.4, 41.4,
42.5, 45.5, 52.5, 52.6, 53.1, 58.4, 65.2, 123.2 (Jor = 273 Hz),
123.8, 124.4 (Jor = 4 Hz), 128.2, 129.7 (Jor = 4 Hz), 130.2,
130.9, 131.6 (Jor = 34 Hz), 140.5, 144.4, 146.6, 147.6, 155.9,
159.3, 168.0; MS (APCI) m/z 858.5 (M*, 100%); HRMS (ESI):
880.3596 (caled for C;;H5,NyO,SF;Na: 880.3615).

4.1.4 General procedure for the preparation of 3-(trifluoro-
methyl)benzenesulfonic acid [4-guanidino-1(S)-(azacyclohexan-
1-ylcarbonyl)butyllamide (1). Product 5 (1.01 mmol, 1 equiv)
was dissolved in a 3 : 1 mixture of EtOH-AcOH (10 mL).
The flask was purged with nitrogen and the catalyst Pd/C 10%
(0.091 g, 0.086 mmol, 0.085 equiv) was added. The reaction
mixture was then stirred at 50 °C for 12 h under hydrogen
atmosphere. The catalyst was filtered off and the solution was
concentrated under reduced pressure. The solid residue was
crystallized from a solution of H,O-MeOH 1 : 1 and washed





with Et,0. The solvent was evaporated and the product was
isolated as acetate salt (about 90% yield).

3-Trifluoromethyl-benzenesulfonic acid [4-guanidino-1(S5)-
(piperidin-1-yl-carbonyl)butyllJamide (1a). White amorphous
solid; IR v, (KBr) 3333, 3200, 2944, 2853, 1639, 1325, 1163,
1122 ecm™'; 4 (300 MHz, CD,0D) 1.23 (2H, m), 1.43 (4H, m),
1.61 (4H, m), 3.01-3.21 (6H, m), 4.18 (1H, m), 7.67 (1H, t, J =
8.1 Hz), 7.83 (1H, d, J = 7.8 Hz), 7.99 (1H, d), 8.00 (1H, s); d¢
(50 MHz, CD;0D) 25.1, 25.9, 26.4, 27.5, 31.2, 41.9, 44.3, 47.5,
53.7,124.7 (Jeg = 276.6 Hz), 125.3 (Jor = 3.8 Hz), 130.5 (Jor =
3.6 Hz), 131.3, 132.1, 132.4 (J¢ = 33.1 Hz), 143.1, 158.8, 170.1;
MS (APCI) m/z450.3 (M*, 100%); HRMS (ESI) m1/z: 450.1762
(caled for CsH,;N;O;SF;: 450.1787).

3-Trifluoromethyl-benzenesulfonic acid [4-guanidino-1(S5)-
(piperazin-1-ylcarbonyl)butyllJamide (1b). White amorphous
solid; IR v, (KBr) 3500-3000, 1657, 1549, 1423, 1322,
1163 cm™'; 64 (300 MHz, CD;OD) 1.37 (2H, m), 1.44 (2H,
m), 2.66 (1H, m), 2.79 (2H, m), 2.92 (3H, m), 3.26 (2H, m), 3.48
(2H, m), 4.10 (1H, m), 7.56 (1H, t,J = 7.5 Hz), 7.69 (1H, d, J =
7.5 Hz), 7.88 (1H, d), 7.89 (1H, s); d. (50 MHz, CD;0D)
25.1, 30.9, 40.9, 41.8, 44.5, 449, 45.1, 53.6, 125.2, 130.5,
131.6, 132.0, 132.8, 143.5, 158.8, 171.0 (CF; not visi-
ble); MS (APCI) m/z 451.3 (M*, 100%); Anal. calcd. for
C,;H;sN(O;SF;-CH;COOH-4H,0: C, 39.18; H, 6.40; N, 14.4%.
Found: C, 38.85; H, 6.12; N, 13.97%.

N-{(S)-1-[4-(3-Aminopropyl)piperazine-1-carbonyl]-4-guani-
dino-butyl}-3-trifluoromethyl-benzenesulfonamide (1c). Beige
amorphous solid; IR v, (CH,Cl, liquid film on NaCl) 3395,
1636, 1558, 1412, 1328, 1165 cm™; §; (500 MHz, CD;0D) 1.61
(6H, m), 2.16 (2H, m), 2.22 (1H, m), 2.29 (3H, m), 2.63 2H, t, J
= 7.4 Hz), 3.13 (2H, m), 3.27-3.61 (4H, m), 4.00 (1H, m), 7.60
(1H,t,J =8.1 Hz), 7.69 (1H, d, J = 8.1 Hz), 8.00 (1H, d, J =
8.1 Hz), 8.04 (1H, s); é- (125 MHz, CDCl;) 26.9, 30.5, 32.9,
41.0,42.2,42.7,46.2,53.8,54.3,57.1, 58.4,124.5 (Jor = 270 Hz),
125.1 (Jor =4 Hz), 130.0 (Jor = 4 Hz), 131.4,132.0, 132.1 (Jcr
=37 Hz), 149.2, 158.7, 170.4; MS (ESI) m/z 508.2 (M*, 100%);
Anal. calcd. for C,0H;,N,0,SF;-2CH;COOH-1.5H,0: C, 44.03;
H, 6.62; N, 14.98%. Found: C, 44.37; H, 6.32; N, 14.68%.

N-{(5)-1-[4-(12-Aminododecyl)piperazine-1-carbonyl]-4-guani-
dino-butyl } -3-trifluoromethyl-benzenesulfonamide (1d).
Orange amorphous solid; IR v,,,, (KBr) 3500-2800, 1647, 1560,
1407, 1328, 1280, 1166, 1134 cm™; 6 (300 MHz, CD,0D) 1.24
(16H, m), 1.41 (3H, m), 1.58 (6H, m), 1.92 (1H, m), 2.04 (1H,
m), 2.22 (2H, t, J = 7.5 Hz), 2.37 (4H, m), 2.82 2H, t,J = 7.5
Hz), 3.14 (3H, m), 3.34 (2H, m), 4.23 (1H, m), 7.68 (1H, t, J =
7.5Hz),7.81 (1H,d, J =7.5Hz), 8.02 (1H, d, J = 7.5 Hz), 8.05
(1H, s); 6 (50 MHz, CD,;0D) 26.0, 27.6, 28.6, 28.8, 30.4, 30.7,
30.8,31.2,40.8,41.8,42.8,46.3,53.7,54.3, 59.5, 59.7, 125.1 (J o
=260 Hz), 125.2 (Jor = 4 Hz), 130.5 (Jor = 4 Hz), 131.6, 131.8
(Jer = 32 Hz), 132.3, 143.4, 158.9, 170.5; MS (ESI) m/z 634.4
(M*, 100%); Anal. caled. for C,HsN,O;SF;-3CH;COOH: C,
51.65; H, 7.68; N, 11.21%. Found: C, 52.17; H, 7.76; N, 12.05%.

4.1.5 Preparation of propyl spacer arm moiety.

(3-Bromopropyl)-carbamic acid 4-nitrobenzyl ester (6). 3-
Bromopropyl amine (2 g, 9 mmol, 1 equiv) was dissolved in water
(20 mL), THF (20 mL) and NaOH 1 N (9 mL, 9 mmol, 1 equiv).
4-Nitrobenzyl chloroformate (1.97 g, 9 mmol, 1 equiv) dissolved
in cold THF (5 mL) was added dropwise to the reaction mixture
at 0-5 °C, simultaneously with NaOH 1 N (10 mL, 10 mmol,
1.1 equiv). The solution was then allowed to warm up at room
temperature and stirred for 2 h, checking the pH to be above
10. The solvent was then removed by evaporation at reduced
pressure, the residue was dissolved in EtOAc and washed twice
with brine. The aqueous phases were extracted once with fresh
EtOAc. The organic phases were combined and dried over
MgSO, and evaporated at reduced pressure to give pure com-
pound 6 (2.85 g) as white solid (98% yield). Mp = 71.9-72.3 °C;

R; = 0.5 (Si0,, cyclohexane-EtOAc 5 : 4, UV); IR v, (KBr)
3417, 3339, 2938, 2848, 1705, 1607, 1521, 1347, 1245, 859 cm™!;
Jou (300 MHz, CDCl;, Me,Si) 2.1 (2H, quint, J = 6.4 Hz),
3.37 (2H, t,J = 6.4 Hz), 3.46 2H, t, J = 6.4 Hz), 5.07 (1H, s),
5.20 (2H, s), 7.51 (2H, d, J = 8.5 Hz), 8.22 (2H, d, J = 8.5 Hz);
dc (50 MHz, CDCl,, Me,Si) 30.5, 32.3, 39.5, 65.1, 123.6, 128.0,
143.8, 147.6, 155.7; MS (APCI) m/z 318.9 (M *'Br*, 80%), 316.9
(M ”Br*, 80%); Anal. calcd. for C,;H;N,O,Br: C,41.66; H,4.13;
N, 8.83%. Found: C, 41.80; H, 4.13; N, 8.81%.

4-[3-(4-Nitrobenzyloxycarbonylamino ) propyl | piperazine-1-
carboxylic acid tert-butyl ester (7). Boc-piperazine (1.372 g,
7.22 mmol, 1 equiv) and compound 6 (2.517 g, 7.94 mmol,
1.1 equiv.) were dissolved in dry CH,Cl, (40 mL) and DIPEA
(4 mL, 20.4 mmol, 3 equiv). The mixture was heated at reflux
for 2 h. The solvent was then evaporated under reduced pressure
and the gel obtained was extracted with EtOAc. The organic
layer was then washed with brine, dried over MgSO, and
evaporated under reduced pressure. The residue was purified by
column chromatography to obtain pure compound 7 (2.72 g),
as a yellow gel (84% yield). R; = 0.3 (SiO,, EtOAc-acetone 2 :
1, UV); IR v, (CH,Cl, liquid film on NaCl) 2947, 1719, 1685,
1523, 1349, 1241 cm™'; 64 (300 MHz, CDCl;, Me,Si) 1.47 (9H,
s), 1.72 (2H, quint, J = 6.5 Hz), 2.40 (4H, t, J = 4.8 Hz), 2.47
(2H, m), 3.32 (2H, m), 3.44 (4H, t, J = 4.8 Hz), 5.20 (2H, s),
6.09 (1H, t), 7.52 (2H, d, J = 8.8 Hz), 8.22 (2H, d, J = 8.8 Hz);
dc (50 MHz, CDCl;, Me,Si) 25.7, 28.4, 40.6, 43.6, 52.9, 56.8,
64.8,79.7, 123.5, 127.9, 144.2, 147.3, 154.5, 155.7; MS (APCI)
m/z 423.2 (M*, 100%); Anal. calcd. for C,H;N,O,-H,O: C,
54.53; H, 7.32; N, 12.72%. Found: C, 54.57; H, 7.36; N, 12.65%.

(3-Piperazin-1-yl-propyl) carbamic acid 4-nitrobenzyl ester
(8). A solution of HCI 1 N in AcOH (56 mL, 8 equiv)
was added to product 7 (2.95 g, 7 mmol, 1 equiv) and the
reaction mixture was stirred at room temperature for 2 h. The
solution was concentrated by evaporation at reduced pressure
to obtain a brown gel. This residue was several times triturated
and suspended in Et,O until a beige solid suspension was
observed. The solvent was then evaporated to obtain product
8 as hydrochloride salt (quantitative yield). To isolate the free
amine, the product was dissolved in water and the solution was
brought to pH 10 with NaOH 1 N. The aqueous solution was
then extracted 5 times with EtOAc, the organic phases were
combined, dried over MgSQO, and evaporated to give compound
8 (2.28 g) as a free amine (92% product recovery). IR v, (KBr)
3316, 3214, 2944, 2801, 1718, 1607, 1521, 1347, 1260 cm™'; dy
(200 MHz, CDCl;, Me,Si) 1.63 (2H, quint, J = 6.4 Hz), 1.94
(1H, s), 2.37 (6H, m), 2.83 (4H, t, J = 4.9 Hz), 3.23 2H, q, J =
6.0 Hz), 5.12 (2H, s), 6.36 (1H, t, J = 6.0 Hz), 7.44 (2H, d,
J = 8.8 Hz), 8.14 (2H, d, J = 8.8 Hz); d. (75 MHz, CDCl;,
Me,Si) 25.9, 41.5, 46.5, 54.7, 58.2, 65.3, 124.1, 128.4, 144.8,
147.8, 156.2; MS (APCI) m/z 323.3 (M*, 100%); Anal. caled.
for C;sH,,N,0,-1.2HCI: C, 49.21; H, 6.34; N, 15.31%. Found:
C, 49.50; H, 6.19; N, 14.80%.

4.1.6 Preparation of dodecyl spacer arm moiety.

12-(4-Nitrobenzyloxycarbonylamino )dodecanoic  acid (9).
12-Aminododecanoic acid (250 mg, 1.16 mmol, 1 equiv) was
dissolved in THF (3 mL), water (3 mL) and NaOH 1 N (1.14 mL,
1 equiv). 4-Nitrobenzyl chloroformate (246 mg, 1.16 mmol,
1 equiv) in THF (1 mL) and NaOH 1 N (1.3 mL, 1.1 equiv)
were added simultaneously to the reaction mixture at 0 °C. The
solution was stirred at 0 °C for 10 min and then for 2 h at
room temperature, checking pH was above 10. HCl 1 N was
added to the reaction mixture to reach pH 1, and the solution
was then extracted twice with EtOAc. The organic layers
were combined, washed with HCl 1 N and water, dried over
MgSO0,, and evaporated under reduced pressure to give a yellow
solid that was purified by column chromatography on SiO, to
obtain pure product 9 (0.345 g) as a white solid (75% yield).
Mp = 107.9-108.9 °C; R; = 0.3 (SiO,, EtOAc-—cyclohexane
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3:5,UV); IR v, (CH,Cl, liquid film on NaCl) 3367, 2920, 2851,
1725, 1689, 1613, 1527, 1351, 1256, 1246 cm™'; dy (300 MHz,
CDCl;, Me,Si) 1.27 (14H, m), 1.52 (2H, m), 1.64 (2H, m), 2.36
(2H, t, J = 7.1 Hz), 3.21 (2H, m), 4.84 (1H, m), 5.20 (2H, s),
7.52 (2H, d, J = 8.6 Hz), 8.22 (2H, d, J = 8.6 Hz); d. (75 MHz,
CDCl;, Me,Si) 24.7, 26.7, 29.0, 29.1, 29.2, 29.3, 29.4, 29.9, 33.8,
41.3,65.1, 123.7, 128.0, 144.1, 150.2, 155.7, 178.2; MS (APCI)
m/z 395.0 (M*, 100%); Anal. caled. for C, H3;N,Oq: C, 60.90;
H, 7.65; N, 7.10%. Found: C, 60.55; H, 7.45; N, 6.76%.

(12-Hydroxydodecyl) carbamic acid 4-nitrobenzyl ester (10).
Compound 9 (0.220 g, 0.56 mmol, 1 equiv) was dissolved in dry
THF (10 mL) and the solution was cooled down to 0°C. BH; | M
in THF (1.11 mL, 1.11 mmol, 2 equiv) was added dropwise to
the solution that was then stirred for additional 2 h at 0 °C. The
reaction mixture was quenched by dropwise addition of AcOH—
MeOH 1 : 9. The mixture was then concentrated and the residue
dissolved in EtOAc. The organic phase was washed with water,
dried over MgSO,, and concentrated under reduced pressure.
The residue was further purified by column chromatography on
SiO, to give pure 10 (0.193 g) as a white solid (91% yield). Mp =
103.7-104.7 °C; R; = 0.6 (SiO,, EtOAc—cyclohexane 4 : 5,
UV); IR v, (CH,Cl, liquid film on NaCl) 3400, 2987, 2865,
1688 cm™'; 4, (300 MHz, CDCl;, Me,Si) 1.27 (16H, m), 1.55
(4H, m), 3.21 (2H, q, J = 6.6 Hz), 3.65 (2H, t, J = 6.6 Hz), 4.83
(1H, m), 5.20 (2H, s), 7.52 (2H, d, J = 8.7 Hz), 8.22 2H, d, J =
8.7 Hz); d- (75 MHz, CDCl;, Me,Si) 25.8, 26.7, 29.2, 29.3,
29.4,29.5,29.6,29.9, 32.8, 41.3, 63.1, 65.0, 123.7, 128.0, 144.1,
150.2, 155.7; MS (APCI) m/z 381 (M*, 100%); Anal. calcd. for
CyHx»N,Os: C, 63.14; H, 8.48; N, 7.36%. Found: C, 63.76; H,
8.78; N, 7.02%.

Methanesulfonic acid 12-(4-nitrobenzyloxycarbonylamino )-
dodecylester (11). Compound 10(10.24 g,26.91 mmol, 1 equiv)
was dissolved in CH,Cl, (200 mL). Pyridine (4.22 g, 53.83 mmol,
2 equiv) and methanesulfonyl chloride (4.63 g, 40.37 mmol,
1.5 equiv) were added dropwise at 0 °C. The solution was stirred
at 0 °C for 3 h, and for an additional 12 h at room temperature.
The mixture was then washed with water, and HC1 1 N, dried
over MgSO, and concentrated at reduced pressure. The residue
was purified by column chromatography on SiO, to give pure
compound 11 (9.33 g) as a white solid (76% yield). Mp = 80.9—
82.9 °C; R; = 0.3 (SiO,, CH,Cl,—EtOAc 99 : 1, UV); IR v,
(CH,CI, liquid film on NaCl) 3370, 2921, 2851, 1690, 1614,
1531, 1355, 1264, 1167 cm™'; 5 (300 MHz, CDCl;, Me,Si) 1.27
(14H, m), 1.37 (2H, m), 1.52 (2H, m), 1.75 (2H, tt, / = 7.0 Hz),
3.01 (3H, s), 3.21 (2H, q, J = 6.9 Hz), 4.23 (2H, t, J = 6.8 Hz),
4.83 (1H, brs), 5.20 (2H, s), 7.51 (2H, d, J = 8.6 Hz), 8.22 (2H,
d, J = 8.6 Hz); 6. (50 MHz, CDCl;, Me,Si) 25.4, 26.6, 28.9,
29.1, 29.2, 29.3, 29.4, 29.5, 29.6, 29.9, 37.3, 41.2, 64.9, 70.2,
123.7, 128.0, 144.2, 147.6, 155.8; MS (APCI) m/z 459.1 (M*,
100%); Anal. calcd. for C,;H;,N,O,S: C, 55.00; H, 7.47; N, 6.11;
S, 6.99%. Found: C, 54.85; H, 7.40; N, 6.19; S, 6.46%.

4-[ 12-(4-Nitrobenzyloxycarbonylamino ) dodecyl [ piperazine-1-
carboxylic acid tert-butyl ester (12). Compound 11 (0.100 g,
0.22 mmol, 1 equiv), Nal (0.033 g, 0.22 mmol, 1 equiv), and
Boc-piperazine (0.041 g, 0.22 mmol, 1 equiv) were dissolved
in CH;CN (5 mL) and water (0.2 mL). The reaction mixture
was stirred at 80 °C for 30 min, then ethyldiisopropylamine
(0.028 g, 0.22 mmol, 1 equiv) was added. After 12 h at 80 °C the
solvent was removed by evaporation and the residue dissolved
in CH,Cl,. The organic phase was washed with water, dried
over MgSO,, and concentrated at reduced pressure. The residue
was purified by column chromatography on SiO, to give pure
compound 12 (0.108 g) as a yellow solid (90% yield). Mp =
62.6-63.6 °C; R; = 0.5 (SiO,, CH,Cl,/isopropanol 96 : 4, UV);
IR v, (CH,CI, liquid film on NaCl) 3320, 2930, 2855, 1696,
1601, 1523, 1413, 1347, 1252, 1163 cm™'; d; (300 MHz, CDCl;,
Me,Si) 1.24 (16H, m), 1.44 (13H, m), 2.30 (2H, m), 2.34 (4H,
m), 3.17 2H, q, J = 6.6 Hz), 3.42 (4H, m), 5.02 (1H, m), 5.17
(2H, s), 7.49 (2H, d, J = 8.1 Hz), 8.19 (2H, d, J = 8.7 Hz);
dc (50 MHz, CDCl;, Me,Si) 26.9, 27.7, 28.6, 29.4, 29.7, 29.9,
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30.1,41.5,43.8,53.2, 58.9,65.2, 79.7, 123.8, 128.2, 144.4, 147.8,
154.9, 156.1; MS (APCI) m/z 549.9 (M*, 100%); Anal. calcd.
for C,)H;N,O4-0.3H,0: C, 62.84; H, 8.95; N, 10.11%; Found:
C, 62.76; H, 8.85; N, 10.07%.

(12-Piperazin-1-yl-dodecyl) carbamic acid 4-nitrobenzyl ester
(13). Compound 12(0.497 g, 0.91 mmol, 1 equiv) was dissolved
in a 1 : 1 mixture of TFA-CH,Cl, (7 mL) and the solution
was stirred at room temperature for 2 h. The solution was
concentrated under reduced pressure to give a brown gel that was
triturated and suspended in Et,O until precipitation of a brown
solid occurred. The solvent was evaporated and compound 13
(0.510 g) was recovered as the trifluoroacetate salt (quantitative
yield). Mp = 79.5-80.5 °C; IR v,,,, (CH,Cl, liquid film on NaCl)
3354, 2920, 2850, 1690, 1612, 1528, 1350 cm™'; dy4 (300 MHz,
CDCl;, Me,Si) 1.25 (16H, m), 1.49 (4H, m), 2.33 2H, t,J = 7.7
Hz), 2.47 (4H, m), 2.96 (4H, m), 3.19 (2H, q, J = 6.7 Hz), 3.99
(1H, m), 4.93 (1H, m), 5.18 (2H, s), 7.50 (2H, d, J = 8.4 Hz),
8.21(2H, d, J = 8.7 Hz); 6. (50 MHz, CDCl;, Me,Si) 25.3, 26.6,
26.9,29.1,29.3,29.4,29.6,29.9, 30.7,41.2,42.6,49.3, 57.9, 65.0,
123.6, 128.0, 144.3, 147.6, 155.9; MS (APCI) m/z 449.4 (M*,
100%); HRMS (ESI) m/z 449.3119 (calcd. for C,,H,,N,O, =
449.3128).

4.2 Polymer surface modification

The polymer materials considered were poly(ethylene terephtha-
late) (PET) track-etched micro-porous membrane (Whatman
S.A., thickness 12 pm, density 1.39 g cm™, pore diameter
0.49 um, pore density 1.45 x 10° pore cm~?) and poly(butylene
terephthalate) (PBT) melt blown filtration membrane (Johns
Manville, thickness 133 um, mean flow pore 5 pum, basis weight
82 gsm). The surface chemical composition of the derivatized
polymers was determined by XPS with a SSX 100/206 photo-
electron spectrometer from Surface Science Instruments (USA)
equipped with a monochromatized microfocus Al X-ray source
(powered at 20 mA and 10 kV). The pressure in the analysis
chamber was around 10~° Pa. The angle between the surface
normal and the axis of the analyser lens was 55°. The analysed
area was approximately 1.4 mm? and the pass energy was set
at 150 eV. In these conditions, the resolution determined by
the full width at half maximum (FWHM) of the Au 4f;,, peak
was around 1.6 eV. A flood gun set at 10 eV and a Ni grid
placed 3 mm above the sample surface were used for charge
stabilization. The binding energies were calculated with respect
to the C—(C,H) component of the C 1s peak fixed at 284.8 eV.
Data treatment was performed with the CasaXPS program
(Casa Software Ltd, UK). Molar fractions were calculated using
peak areas normalised on the basis of acquisition parameters
and sensitivity factors provided by the manufacturer.

4.2.1 Activation and coupling. Native polyester mem-
branes (14) were cut into disks of 13 mm of diameter. The
polymer samples (10 disks) were stirred at 20 °C (PBT) or
60 °C (PET) for 1 h into a mixture of acetone (50 mL), pyridine
(1.06 mL) and p-toluenesulfonyl chloride (2.5 g). The samples
were washed successively with acetone (50 mL, 5 min) and
water (50 mL, 5 min). The resulted activated samples (15) were
individually immersed in 1 mL of a 10~ M solution of inhibitor
in a phosphate buffer (PBS, pH 7.2)-CH;CN mixture (1 : 1)
and incubated for 2 h at 20 °C with shaking. The samples were
washed with PBS-CH;CN (1 mL, 2 x 10 min), water (1 mL,
2 x 5min), 5 x 10° M HCI (1 mL, 2 x 5 min) and water (1 mL,
2 x 10 min). The resulting inhibitor grafted membranes (16)
were finally dried over filter paper and analysed by XPS within
24 h. The blank samples were prepared in the same way but
without addition of p-toluenesulfonyl chloride in the activation
step.

4.2.2 XPS analysis. The surface molar fractions were
measured by XPS analysis. The concentration of F tagged





molecules on the surface was calculated from the F/C ratio.
Considering for instance the polymer repeat unit of PET —
CO-C4¢H,~CO,-CH,CH,-O- (C,(H;O,) and the derivatized
(by grafting of compound 1d) chain unit —-CO-C¢H,~CO,—
CH,CH,-1d (CyHs;F3N,0(S) we calculated the percentage of
derivatized units as follows. For a mixture of 96.7% (C,,H;0O,)
and 3.3% (CyHy, F3N,04S), F/C x 100 =9.9 x 100/1095.7 =
0.904 (experimental value 0.900). Similarly, the corrected F/C
value of 0.005 for compound 1d on PBT gave a derivatization
ratio of 1.9%. We previously calculated on the basis of PET
crystallographic data and simple geometrical considerations®’
an average of 1.72 x 10" PET monomer units per cm? of
surface covering 10 atomic layers (the depth analysed by
XPS) or about 2850 pmol cm™. Thus, 3.3% of derivatized
surface monomer units corresponds to about 90 pmol cm ™ of
fixed compound 1d. In the same way we calculated a surface
concentration of compound 1¢ of about 10 pmol cm™ for a
corrected F/C value of 0.001 (0.4% derivatization). The lack of
crystallographic data on the PBT membrane did not allow an
analogue calculation of signal surface concentration.

4.3 Biological assays

4.3.1 Enzyme Kkinetics. Substrate H-D-phenylalanyl-L-
pipecolyl-L-arginine-p-nitroanilide dihydrochloride (S2238) was
obtained from Chromogenix. Human thrombin was obtained
from Hypen BioMed. Enzyme kinetics studies were performed
on a Cary210 spectrophotometer.

The inhibition activities were measured by adapting the
protocol developed by Lottemberg et al.:*® 100 puL of the
solution of substrate S2238 (0.1 mM in water) and 100 pL
of water solution of the tested compound (50-200 uM final
concentration) were diluted in 2 mL of Tris-Hepes Buffer (Tris
0.01 M, Hepes 0.01 M, NaCl 0.5 M, PEG 6000 0.1% m/v,
pH 7.8). Finally 10 pL of water solution of thrombin (10
NIH mL~', 75.2 nM) were added to start the reaction. The
appearance of the substrate hydrolysis product (p-nitroaniline)
was measured at 405 nm as a function of time. Plots of V'/V;
versus inhibitor concentration (ratio of hydrolysis in the absence
and in the presence of inhibitors) gave the inhibition constants
indicated in Table 2.

4.3.2 Clotformation. For the evaluation of material hemo-
compatibility we used a simple test based on the weight
measurement of the blood clot formed on given substrates
(polymer squares of 4 x 4 cm fixed on a cylindrical glass support
of 2.6 cm internal diameter) after blood contact and incubation.
Human blood was withdrawn from a healthy volunteer, collected
in citrated tubes and used within a day. For coating experiments
200 uL of a 10*M solution of the tested compound were placed
on the polymer surface that was then dried overnight. After
weighing the samples, 200 pL of human blood were placed on
the surface, 20 pL of CaCl, were added to start coagulation
and the samples were incubated statically for 1.5 h at 37 °C in
a saturated water atmosphere and 5% CO,. The samples were
then washed with water (3 x 2 mL), the clot was fixed with
formaldehyde (2 mL of a 5% solution in water) and then washed
with water (2 mL). The samples were dried in oven (37 °C) until
constant weight. The sample weight differences gave the weight
of the formed clot. Native polymer coated with heparin (Leo,
5000 I.E./U.I./mL, 200 pL) was used as anti-clotting reference
sample.

4.4 Docking study

Molecular modelling studies were performed on a Silicon
Graphics Octane2 workstation.

Gold implements a genetic algorithm allowing the protein—
ligand docking with full ligand and partial protein flexibility.
Indeed, conformation of some amino acids (Ser, Thr and Lys)
are optimized during the run. The energy function is partly based

on conformational and non-bonded contact information from
the CSD database. Parameters: Popsiz = 100; maxops = 100000;
niche size = 2.

Autodock uses a hybrid method called Lamarckian Genetic
Algorithm (genetic algorithm coupled with a local search) to pre-
dict the interaction of flexible ligands with rigid macromolecular
targets. The scoring function includes van der Waals, coulombic
electrostatic, directional hydrogen bonding, entropy of ligand
binding and desolvation contributions. Parameters: Runs = 200;
Population size = 50; Number of generations = 27000.

Discover3 uses the molecular mechanics to optimize the
conformation of the ligand—protein complex and evaluate the
interaction energy (the enthalpic contribution of the binding)
which is the sum of coulombic and van der Waals terms (AE.,
and AEq,). The backbone is moved following force constants;
side chains and water molecules move freely.

Forcefield: CVFF; Dielectric constant: 1*r; Criteria conver-
gence: 10 kcal mol™! for the Steepest Descent algorithm, 0.01
for the Conjugate Gradient one.

The thrombin amino acid residues were numbered by the
chymotrypsin(ogen) numbering system as suggested by Bode
et al.”®

4.5 Crystallization, data collection and structure refinement

Human o-thrombin was obtained from Kordia Life Sciences
(Leiden, The Netherlands) and its anion-binding exosite in-
hibitor, the hirudin peptide fragment (54-65), was obtained
from Bachem (Bubendorf, Switzerland). Crystals of human o-
thrombin were grown in the presence of hirudin and compound
1c using the hanging drop vapour diffusion technique at
293 K. Prior to the crystallization, the protein was solubilized to
approximately 10 mg ml~" in 0.36 M NaCl, 96 mM pH 6.5 citrate
buffer, containing hirudin at a concentration of 3 mM. Drops
were prepared by mixing 1 pl of protein solution with 1 pl
of compound 1c at a final concentration of 2.9 mM to 1 pl
of reservoir solution. The reservoir solution contained 20%
PEGMME 5000, 0.36 M NaCl in 0.1 M HEPES buffer
pH 7.5. Compound 1c¢ was additionally further diffused into
the crystal for 72 h from a 44 mM solution containing 22%
PEGMME 5000 and 0.36 M NaCl to a final concentration of
16 mM.

One crystal was flash frozen in liquid nitrogen after rapid
soaking in a cryoprotectant solution containing about 50%
glycerol in the crystallization buffer. Data were collected at
ESRF (European Synchrotron Radiation Facility, Grenoble,
France) on beamline BM30a at a wavelength value of 0.9797 A.
All data were recorded on a MarCCD detector, and intensities
were indexed and integrated using MOSFLM version 6.01.%
This single crystal, belonging to space group C2 with unit cell
dimensions a = 70.51 A, b = 71.34 A, ¢ = 72.56 A and § =
100.59°, diffracted to 1.65 A resolution. The scaling of the
intensity data was accomplished with SCALA of the CCP4
program suite,” and all corresponding statistics are given in
Table 7.

The phasing procedure for solving the structure was the
molecular replacement method using the AMoRe package.*
The structure of the complex human o-thrombin/hirugen (PDB
code IHTG)* was used as the search model for the rotation and
translation searches. Model building with TURBO-FRODO*
and refinement with CNS 1.1* gave final overall crystallographic
R factors of 24.3% (working) and 27.2% (free), with values in
the outer shell of 27.5% and 31.7%, respectively, for 2333 protein
atoms, 34 inhibitor atoms and 187 water molecules. The statistics
of refinement are summarized in Table 7. The inhibitor density
was very clear as shown in Fig. 3A: the refined temperature
factors for the inhibitor range from 15 (015 atom) to 30 A2.

Co-ordinates and structure factors have been deposited in
the Protein Data Bank (accession code 1W7G). Figures were
prepared with MOLSCRIPT/RASTER3D.*
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Table 7 X-Ray data collection parameters and refinement statistics

Data Ccollection

Wavelength/A 0.979657 (BM30a at ESRF)
Space group C2
Unit-cell parameters

a/A 70.510
b/A 71.343
c/A 72.555

p/° 100.59
Resolution range/A

Overall reflections 24.84-1.65
Highest resolution shell 1.69-1.65
No of unique reflections 40937
Data completeness (%) 96.5 (93)
Redundancy 4.8(2.7)
Ry (%) 9.2(23.7)
1/a() 15.7 (4.3)
Refinement

Resolution range/A
Completeness (working + test)
(%)

19.78-1.65 (1.75-1.65)
95.1(90.5)

No. of unique reflections (1 > 40496 (6084)
26(1))

R (working test) (%) 24.3 (27.5)
Ry (test set) (%) 27.2(31.7)
Protein atoms (non-H) 2333
Heterogen atoms 34
Solvent atoms ) 187

B values from Wilson plot/A? 16.2

Mean B value (overall)/A2 16.0
Estimated coordinate errors (low

resolution cutoff of 5.0 A)

From Luzzati plot/A 0.23

From sigma A/A 0.09
Deviations from ideal geometry

Bond lengths/A 0.006
Bond angles/° 1.4
Dihedral angles/° 23.8
Improper angles/° 0.91

PDB entry code IW7G
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The stabilizing effect of 7-propynylated 7-deazapurine nucleosides on DNA-hairpins and DNA-duplexes containing
d(GA) mismatches was investigated. The corresponding oligonucleotides were synthesized using solid-phase
synthesis. For this purpose, the phosphoramidite of 7-deaza-7-propynyl-2'-deoxyadenosine (3c) was prepared. The
incorporation of 3¢ instead of dA into the tandem d(GA) base pair of a DNA-hairpin alters the secondary structure,
but has a positive effect on the duplex stability. A complete replacement of the canonical nucleosides of the tandem
d(GA) base pair by 3¢ and 7-deaza-7-propynyl-2’-deoxyguanosine results in a significant base pair stabilization.

Introduction

The 7-substituted 7-deazapurines are well known as stabilizers
of DNA duplexes in comparison to purines. This stabilizing
effect has been reported for alkyl, alkynyl and halogeno
substituents.” In this context, the propynyl group deserves
particular attention. The propynyl modified nucleosides have
a positive effect on DNA duplex stability due to their increased
stacking interactions and hydrophobic character.>* However, it
is not known whether this is also the case for other base pair
motifs which do not follow the Watson—Crick pairing mode.
The d(GA) mismatch is a particularly interesting example of
one not showing the Watson—Crick motif. It is less efficiently
recognized and repaired by the cellular enzymatic repair system
than other mismatches.® Among the possible mismatches, the
tandem d(GA) mispair exhibits a particularly high stability,
depending on the sequence context.”™ A further stabilization
of this unique unit to the level of the canonical base pairs would
offer an opportunity to add new letters to the genetic alphabet
and to expand the genetic code.

Recent studies on the single stranded oligonucleotide 3'-
d(ATCCAGGGATGAATCCAGGGATGA) (1) led us to a
hairpin structure (Fig. 1) which was confirmed by individual
melting experiments showing that its 7, value (70 °C) is
independent of concentration. This DNA-hairpin contains three
different d(GA) motifs. (i) It forms a d(GA)-overhang at the 5'-
terminus, (ii) it possesses an unpaired d(GA) unit in the loop
and (iii) it forms adjacent dG-dA pairs of the 5-purine-GA-
pyrimidine-3’ type in the stem region.

CCAGGGATGA-%

A
G TR RN

TAGGGACCTA-3
Fig. 1 Structure of hairpin 1.

It has been reported previously that the incorporation of
2'-deoxyinosine in place of 2'-deoxyguanosine within the 5'-
pyrimidine-GA-purine-3’ sequence results in a significant base
pair destabilization. This is due to the absence of the 2-amino
group involved in base pairing.”''"'> However, to the best of

1 Electronic supplementary information (ESI) available: Molecular
weights of selected oligonucleotides determined by MALDI-TOF mass
spectrometry. See DOI: 10.1039/b510444k

This journal is © The Royal Society of Chemistry 2005

our knowledge, nothing is known on the stabilization of the
tandem dG—dA base pair. The propynyl group introduced in
the 7-position of 7-deazapurine 2'-deoxyribonucleosides is well
accommodated in the major groove of DNA.3* Therefore it was
decided to use this phenomenon, which has been successfully
applied to Watson—Crick base pair stabilization, to stabilize
adjacent dG—dA base pairs. In this manuscript we report on
the thermal stability of modified hairpins derived from the
oligonucleotide 1. For this purpose, the nucleosides 3a—¢ and
5a,b were used as substitutes for compounds 2 or 4 (Scheme 1)
in the sequence motif of the tandem dG-dA base pair. For
comparison, related duplex structures were also investigated.

NH, NH, R o) R
5
A\

7 3
1 N)iN N7 N\ N HN
1D | HN N |
L\N N>g k\N N )\\ ! N> HQN/k\';‘ N7

3 H,NT N
(0] o} o O.
Ho/\d Ho/\d HO/\d HO
HO HO HG HO

2 3 H 4 5a R=H

a R
b R b R = propynyl
c R

nonon

|
purine numbering propynyl

systematic numbering

Scheme 1 Structures of 2'-deoxyribonucleosides incorporated into
tandem dG—dA base pairs.

Results and discussion

UV melting experiments and high-field NMR studies indicate
that tandem dA-dG base pairs embedded in particular sequence
motifs show the same stability as the canonical dA-dT base
pair.”? Similar observations have been made in the case of the
tandem dA-dG mispair of hairpin 1 (Table 1). Several motifs
have been described for the tandem d(GA) moiety which are
different from the well established dA—dT and dC-dG Watson—
Crick base pair motifs. The base pair mode for adjacent dA-dG
base pairs strongly depends on the base stacking environment.
It was reported that the 5'-pyrimidine-GA-purine-3' unit adopts
the sheared base pair motif (IIT) (Scheme 6) in DNA duplexes,
while 5'-purine-GA-pyrimidine-3’ sequences adopt a dG(anti)—
dA(anti) conformation (I).**!* In order to investigate the
stability of hairpins derived from the structure 1, a series
of oligonucleotides were prepared containing 7-deazapurines
instead of purines. For this purpose the phosphoramidites 6a—c
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and 7a,b were employed in solid-phase synthesis (Scheme 2).
Compounds 6a,b and 7a,b were already known."*'* The phos-
phoramidite 6¢ was synthesized from 3¢ using 7-deaza-7-iodo-
2'-deoxyadenosine as the starting material. Compound 3b was
converted to 7-deaza-7-propynyl-2'-deoxyadenosine via the Pd-
catalyzed cross-coupling reaction as described earlier.> The
resulting 3¢ was protected with the dimethylaminomethylidene
group furnishing the amidine 8 (94% yield). Subsequent treat-
ment of 8 with 4,4-dimethoxytrityl chloride in pyridine gave
the DMT-derivative 9 (64% yield). Phosphitylation of 9 with 2-
cyanoethyl-diisopropylphosphoramido chloridite afforded the
phosphoramidite 6¢ (86% yield) (Scheme 3). The monomers
were characterized by 'H- and “C-NMR spectroscopy. For
details see the Experimental section and Table 4.

Next, a series of oligonucleotides was synthesized, shown in
Table 1-3. The oligonucleotides were deprotected and purified

R, R, O R
N~ N i-BuHN” N7 N
(MeO),TrO (MeO)ZTrOA&
¢ ¢

_P. P
NCCH,CH,0” ~N(i-Pr), NCCH,CH,0”" “N(i-Pr),

6a Ry =H, Ry =i-BuHN
b Ry =1, Ry = N=CHN(Me),
¢ Ry = propynyl, Ry = N=C(Me)N(Me),

7a R=H
b R = propynyl

Scheme 2 Structure of the phosphoramidites 6a—c and 7a,b.

(Me),N(Me)C=N C=CMe MeN(Me)C=N C=CMe Me;N(Me)C=N C=CMe
g% I g%
Sy SN SN
i i i
% 0. o _®. ﬁ _w Ad
HO DMTrO DMTFO
HO HO 0
8 9 P

NCH,CH,CO™ " N(i-Pr),
6¢c

Scheme 3 (i) N,N-dimethylacetamide dimethylacetal, MeOH, 60 °C,

5 h. (i) (OMe),Tr—Cl, pyridine, rt, 30 min. (iii) 2-cyanoethyl-diiso-
propylphosphoramido chloridite.

by HPLC following the reported procedures.'** They were
characterized by MALDI-TOF mass spectra (see the electronic
supplementary information (ESI)t). The thermodynamic stabil-
ity of the DNA-duplexes and hairpin 1 and of the nucleobase
modified hairpins, shown in Table 1-3, was determined by
temperature-dependent UV-melting profiles using curve shape
fitting analysis according to McDowell and Turner (MeltWin
3.0)." For all the hairpins, the T, values were found to be
independent of the oligonucleotide concentration, confirming
intramolecular base pair formation. The composition of hairpin
1 and oligonucleotide 23 was also confirmed by enzymatic
hydrolysis using snake venom phosphodiesterase followed by
alkaline phosphatase. According to the HPLC profile shown in
Fig. 2 the composition analysis is in line with the calculated
values.

LI T T T T O I OO |
Ied B wa [=:

) CEVL L b iy
il et el ['53 L e Ly

..... ot pevs

Time/min Time/min

Fig. 2 HPLC profile of the enzymatic analysis of hairpin 1 (left)
and oligonucleotide 23 (right) incorporating 3¢ by phosphodiesterase
followed by alkaline phosphatase in 0.1 M Tris-HCI buffer (pH 8.3) at
37°C.

While the propynyl group is expected to increase duplex
stability, the compounds not carrying 7-substituents would

Table 1 T,-values and thermodynamic data of hairpin forming oligonucleotides”

Sequence T,./°C AH®/kcal mol™! AS°/cal mol~'K~! AG°;,0/kecal mol™!
AATCCAGGGATGA—S' 70 =71 —206 -7.0
AT
(I)TAGGGACCTA—EB'
AATCCGAGGATGA—S' 58 =55 —166 =35
o
(IO)TAGGAGCCTA—EB'
A ATCCAGGGATY 71 -76 -219 -7.5
o Iy
(ll)TAGGGACCTA—3'
A ATCCATG GAT G A-5 70 =71 —207 -7.1
o mumm
(IZ)TAGGTAC CTA-3
A ATCCCGGGATGA-% 82 -99 —280 =125
SiIRRLA NN

TAGGGCCCTA-3
13)

“ Measured at 260 nm in 100 mM NaCl, 10 mM MgCl, and 10 mM Na-cacodylate buffer, pH = 7.0 with 2.5 pM single-strand concentration.
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Table2 T,-values and thermodynamic data of hairpins containing modified nucleobases*

Sequence T./°C AH®/kcal mol™! AS°/cal mol'K~! AG;,,° /kcal mol™!
AATCCXYGGATGA—S'
SRR

TAGGYXCCTA-3
X=3a,Y=G (4 70 71 —206 7.0
X=3b,Y=G(15) 76 =75 —214 —8.4
X =3¢, Y =G (16) 78 ~75 215 ~8.6
X=AY=5a(17) 68 —64 —188 —6.0
X=A,Y=5b(18) 72 —68 —196 -7.2
X =3¢, Y = 5b (19) 80 -83 237 9.6

“Measured at 260 nm in 100 mM NaCl, 10 mM MgCl, and 10 mM Na-cacodylate buffer, pH = 7.0 with 2.5 uM single-strand concentration.

Table 3

T, values and thermodynamic data of oligonucleotides containing 7-propynyl-7-deaza-2'-deoxyadenosine (3c)

Duplexes

T./°C AH°/kcal mol™!

AS°/cal mol™' K~! AG5,,° /kcal mol™!

5-d(TAG GTC AAT ACT) (20) 3-d(ATC CAG TTA TGA) (21)
5-d(TAG GTC 3cAT ACT) (22) 3-d(ATC CAG TTA TGA) (21)
5-d(TAG GTC AAT ACT) (20) 3-d(ATC C3¢G TT3e¢ TGA) (23)
5-d(TAG GTC 3¢AT ACT) (22) 3-d(ATC C3¢G TT3c TGA) (23)
5-d(TAG GGC AAT ACT) (24) 3-d(ATC CAG TTA TGA) (21)
5-d(TAG GGC AAT ACT) (24) 3-d(ATC C3¢G TT3¢ TGA) (23)

47
49
51
53
45
50

-89 —253 —10.9
-93 —262 —11.3
-91 —255 —11.8
—82 —227 —11.8
-90 —257 —10.0
—100 —286 —11.6

“ Measured at 260 nm in 0.1 M NaCl, 10 mM MgCl, and 10 mM Na-cacodylate (pH 7.0) with 5 uM single-strand concentration.

prove whether Hoogsteen interactions are involved during the
formation of dG—dA pairs. For these experiments the hairpin
1 was chosen. The hairpin 1, containing adjacent 5'-d(GA)
base pairs (Table 1) within the stem region, showed a T, of
70 °C. Changing the sequence from 5'-d(GA) to 5-d(AG) at the
same position leads to hairpin 10 with a much lower T, (58 °C)
(hairpin 10 vs 1). This indicates the importance of the sequence
order of this structural unit and supports earlier findings
observed on duplex DNA.® The 5'-dG-dA overhang of hairpin 1
does not stabilize the structure significantly. Its removal did not
affect the T, value (hairpin 11). The replacement of the two dG—
dA base pairs by two dA—dT pairs resulted in identical T, values
(hairpin 12), while the incorporation of two tridendate dG-
dC-pairs increased the hairpin stability significantly (hairpin
13). As expected, the substitution of the dA residue by the
corresponding 7-deaza-2'-deoxyadenosine nucleoside 3a has
almost no effect on the hairpin stability while the replacement
of the dG residue by 7-deaza-2'-deoxyguanosine 5a reduces the
tandem base pair stability (Table 2). Such a destabilization has
also been observed in the case of dG—dC base pairs in which the
guanine moiety was replaced by 7-deazaguanine.’

It is expected that 7-substituents of moderate size can stabilize
the d(GA) pair. Consequently, the purine residues of the

10 4 1
5 .

g
.g 17
3 04 18
a
o

-5

-10 T T T T T T
220 240 260 280 300 320 340
Wavelength [nm]

Scheme 4 CD-Spectra of modified hairpins incorporating 7-deaza-2’'-deoxyguanosine (A) and 7-deaza-2'-deoxyadenosine (B) analogues (buffer

conditions see Table 1).

d(GA) pairs were replaced by 7-substituted 7-deazapurines and
compared to the corresponding nucleosides, 3a and 5a, lacking
7-functionalization. According to the data shown in Table 2,
2'-deoxyadenosine was substituted by compounds 3b and 3c.
The resulting hairpins 15 and 16 were significantly more stable
than the parent hairpins 1 or 14. The introduction of 7-deaza-
7-propynyl-2'-deoxyguanosine (5b) instead of dG led to the
stabilized hairpin 18 (72 °C of 18 vs 68 °C of 17 and 70 °C
of 1). Finally, all four bases of the tandem d(GA) pair were
substituted by the propynyl nucleosides 3¢ and 5b in which the
average T, increase was 5 °C for two propynyl modifications
per d(GA) pair.

In order to obtain more information regarding the structural
influence of the 7-propynyl group in the DNA hairpin struc-
ture, circular dichroism (CD) spectra of various hairpins were
measured (Schemes 4 and 5).

The unmodified hairpin 1 has a positive lobe at around
265 nm and a negative lobe at around 240 nm. For the
modified hairpins 17 and 18 incorporating S5a and Sb, only
minor changes in the CD-spectrum can be observed, indi-
cating that the propynyl group of 7-deaza-2'-deoxyguanosine
fits well into the structural unit of the tandem d(GA) base
pair.

CD [6/mdeg]
(=]

T T T T
280 300 320 340

Wavelength [nm]

B

T T
240 260
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B

Scheme 5 CD-spectra of 7-propynyl modified hairpins (A) and duplexes (B) (buffer conditions see Table 1).

The modified hairpins incorporating 7-deaza-2'-deoxy-
adenosine (3a) and their 7-modified analogues (3b,c) within
the tandem d(GA) unit exhibit CD spectra that look different
from the spectra mentioned above. The changes in the CD
spectra reflecting structural alterations on the DNA-helices are
more pronounced for the 7-substituted 7-deazapurines than
for the non-functionalized nucleobases. 7-Deaza-7-propynyl-2'-
deoxyadenosine (3c) changes the overall B-DNA type confor-
mation. The spectrum adopts a similar shape to that reported
for modified single-stranded homooligonucleotides incorporat-
ing 8-aza-7-deaza-7-(hex-1-ynyl)-2’-deoxyadenosine residues.!
In hairpin 19, the strong influence of 7-deaza-7-propynyl-2'-
deoxyadenosine is less pronounced when both 3¢ and 5b substi-
tute the residues of the tandem d(GA) base pair (Scheme 5A).
In spite of the significant structural changes of the hairpins 16
and 19 indicated by the CD-spectra, these hairpins exhibit the
strongest stabilization.

As we want to know whether a similar structural change
observed for the tandem dG-dA motif in the hairpins 16 can
also be achieved for a single dA-dG mismatch, the 7-deaza-7-
propynyladenosine nucleoside 3¢ was introduced into the duplex
5-d(TAG GTC AAT ACT) (20) -3-d(ATC CAG TTA TGA)
(21). From Table 3 it is apparent that the incorporation of either
a single propynyl residue or two separated propynyl residues of
compound 3¢ opposite to dT causes a 2 °C stabilization for a
single modification.

Duplex 24-21 containing an isolated dA-dG mismatch has
a 2 °C lower T, compared to the standard duplex (20-21).
The introduction of a dG-3c mismatch (24-23) causes only
a minor destabilization. The CD spectra (Scheme 5B) of the
standard duplex 20-21, the modified duplexes 20-23 and 22-23,
incorporating 3¢ instead of dA, show only a small difference for
the negative lobe at around 250 nm. This indicates that the B-
DNA structure is only little perturbed, even when three modified
residues (3¢) replace dA. For duplex 24-23, incorporating a single
dG-3c mismatch pair, a significant change of the positive lobe
at around 280 nm can be observed, implying that this mismatch
already has a certain effect on the secondary structure of the
DNA-duplex. A related but a smaller change is observed on the
duplex 24-21 containing a single dG—dA base pair.

In the case of DNA-duplexes, several base pair motifs have
been described in the literature which strongly depend on
the base stacking environment of the tandem d(GA) unit.”*®
The sheared base pair III (Scheme 6) has been established
for duplexes containing the 5-pyrimidine-GA-purine-3’ unit,
while 5'-purine-GA-pyrimidine-3’' sequences adopt a dG(anti)—
dA(anti) conformation (I).” The incorporation of the 7-
deazapurine nuclesides 3a and 5a into the d(GA) unit of hairpin
1, proves that the sheared base pair motif (III) can be excluded
for this sequence. From molecular modelling, the edge-to-face
base pairing motif V, carrying 7-propynyl modifications on both
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nucleobases, cannot be completely excluded when one of the
sugar moieties adopts the syn-conformation. Nevertheless, for
the 5'-purine-GA-pyrimidine-3’ sequences a dG(anti)-dA(anti)
conformation with spiral base stacking properties has been
reported.® Due to these findings, the propynylated tandem
d(GA) base pair present in hairpin 19 is assumed to adopt the
base pairing motif IV.

H oy
---- 0 N._N
i N I
Y, | X
N/ Nt DN N NN
R N= \= R N\\’N H\N)YLN/R
NH, R FII N=/
dG dA dG dA

Face to Face

dG (anti) - dA (anti) Edge to Face

A N—
N“ "N—R H
- N___N
028—<N----H/ 3
- |
) N
H N—H----N
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R
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o i
C C H H
1y W o '!‘ l!l
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N~ N—H----N N \ N N\ R
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5b (anti) - 3¢ (anti)
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Scheme 6 Base pair motifs of dG-dA mismatches.

Conclusions

The following conclusions can be drawn from the data reported
above.

(i) The non-canonical tandem dG-dA purine—purine base
pairs of hairpin 1 are nearly as stable as dA—dT pairs.

(i) The replacement of the purine moieties by non-
functionalized 7-deaza-2'-deoxyadenosine and 7-deaza-2'-
deoxyguanosine did not significantly destabilize the hairpin
structure which excludes Hoogsteen base pair formation.





Table4 3C-NMR chemical shifts of nucleosides at 298 K“
Compound C(2) C(2) C(4)* C(6)° C(4a)® C(5) C(5) C(7) C(6)* C(8)° C(7a)* C(4) C=N
3¢ 152.5¢ 157.5 102.3 95.6 125.4 148.9¢ —
8 152.14 159.1 110.4 97.2 126.9 150.0¢ 162.1
9 152.24 159.1 110.4 97.4 166.6 150.2¢ 162.1
) @) c3) C@) ) Cc=C
3¢ 83.1 e 70.9 87.4 61.9 88.4,72.6
8 82.9 ¢ 70.9 86.2 61.8 87.4,73.1
9 82.5 ¢ 70.5 854 64.1 86.2, 73.00

“Measured in (Dg) DMSO. ® Systematic numbering. ¢ Purine numbering. ¢ Tentative. ¢ Overlapped in DM SO signal.

(ii1) The propynyl group introduced into the 7-position of 7-
deazapurine nucleosides is able to stabilize the tandem purine
d(GA) base pair significantly. This tandem base pair stability
approximates that of a tandem dG—dC pair (hairpin 13).

(iv) The incorporation of 3¢ instead of dA into the tandem
d(GA) unit alters the secondary structure of hairpin 16 signif-
icantly by causing an extraordinarily high stabilization of this
structure (4 °C per modification).

(v) The stabilizing effect of 3¢ is stronger for the tandem
dA-dG base pairs than for the Watson—Crick base pair 3¢-dT
present in duplex DNA.

Experimental
General

All chemicals were purchased from Aldrich, Sigma, or Fluka
(Sigma—Aldrich Chemie GmbH, Deisenhofen, Germany). Sol-
vents were of laboratory grade. TLC: aluminium sheets, silica
gel 60 Fyy, 0.2 mm layer (VWR International, Darmstadt,
Germany). Column flash chromatography (FC): silica gel 60
(VWR International, Darmstadt, Germany) at 0.4 bar; Sample
collection with an UltroRac II fractions collector (LKB Instru-
ments, Sweden). UV spectra: U-3200 spectrometer (Hitachi,
Tokyo, Japan); Z,. (¢) in nm. CD Spectra: Jasco 600 (Jasco,
Japan) spectropolarimeter with thermostatically (Lauda RCS-
6 bath) controlled 1 cm cuvettes. NMR Spectra: Avance-250
or AMX-500 spectrometers (Bruker, Karlsruhe, Germany), at
250.13 MHz for 'H and "C; 6 in ppm rel. to Me,Si as internal
standard, J values in Hz. Elemental analyses were performed by
Mikroanalytisches Laboratorium Beller (Gottingen, Germany).

The melting temperatures were measured with a Cary-1/3
UV/VIS spectrophotometer (Varian, Australia) equipped with
a Cary thermoelectrical controller. The temp. was measured
continuously in the reference cell with a Pt-100 resistor, and
the thermodynamic data of duplex formation were calculated
by the Meltwin 3.0 program.'®

Synthesis, purification and characterization of the
oligonucleotides

The oligonucleotide syntheses were carried out in an ABI
392-08 DNA synthesizer (Applied Biosystems, Weiterstadt,
Germany) at the 1 pmol scale using the phosphoramidites
6a—c and 7ab following the synthesis protocol for 3'-
cyanoethylphosphoramidites (user manual for the 392 DNA
synthesizer Applied Biosystems, Weiterstadt, Germany). The
coupling efficiency was always higher than 97%. After cleavage
from the solid support, the oligonucleotides were deprotected in
25% aq. ammonia solution for 14-16 h at 60 °C.">'®
Purification of 5'-dimethoxytrityl oligomers was performed
by reversed-phase HPLC (RP-18) with the following solvent
gradient system [A: 0.1 M (Et;NH)OAc (pH 7.0)-MeCN 95:5;
B: MeCN]: 3 min, 20% B in A, 12 min, 20-50% B in A and
25 min, 20% B in A with a flow rate of 1.0 ml min~'. The
solution was dried and treated with 2.5% CHCL,COOH-CH,Cl,
for 5 min at 0 °C to remove the 4-4-dimethoxytrityl residues.
The detritylated oligomers were purified by reverse phase HPLC

with the gradient: 0-20 min, 0-20% B in A with a flow rate of
1.0 ml min~'. The oligomers were desalted (RP-18, silica gel) and
lyophilized on a speed-Vac evaporator to yield colorless solids
which were frozen at —24 °C.

The molecular masses of the oligonucleotides were deter-
mined by MALDI-TOF Biflex-III mass spectrometry with 3-
hydroxypicolinic acid (3-HPA) as a matrix (Bruker Saxonia,
Leipzig, Germany) (see the ESIT).

The enzymatic hydrolysis of the oligonucleotides was per-
formed as described by Seela and Becher'® with snake venom
phosphodiesterase (EC 3.1.15.1, Crotallus adamanteus) and
alkaline phosphatase (EC 3.1.3.1, Escherichia coli from Roche
Diagnostics GmbH, Germany) in 0.1 M Tris-HCI buffer
(pH 8.3), which was carried out on reverse phase HPLC by
gradient: 20 min. 100% A, 40 min. 0-65% B in A; flow rate:
0.7 ml min~'. Quantification of the constituents was made on
the basis of the peak areas, which were divided by the extinction
coefficients of the nucleosides [(&): dT 8800, dC 7300, dA
15400, dG 11700, 3¢ 5200].

7-(2-Deoxy--D-erythro-pentofuranosyl)-/V*-[(dimethylamino)-
ethylidene]-5-(prop-1-ynyl)-7 H-pyrrolo|2,3-d]pyrimidin-4-amine
(8). To a solution of 3¢ (300 mg, 1.04 mmol) in MeOH
(30 ml) was added N N-dimethylacetamide dimethylacetal
(2.2 ml, 15.0 mmol). The reaction mixture was stirred at
60 °C for 5 h and the solvent was evaporated to dryness.
The resulting residue was applied to FC (silica gel, column
15 x 3 cm, CH,Cl,-MeOH, stepwise gradient, 95 : 5, 9 : 1).
Compound 8 was isolated as a colorless solid (350 mg, 94%).
TLC (CH,Cl,-MeOH, 9 : 1): R; 0.48. UV (MeOH): 4., 227
(27200), 307 (11500). '"H-NMR ((Ds) DMSO): 1.98 (s, 2 CH,);
2.04 (m, H,~C(2)); 2.16 (m, H—C(2')); 3.09 (2s, N(CH,),);
3.52 (m, H,-C(5)); 3.81 (m, H-C(4)); 4.33 (m, H-(3)); 5.02
(t, OH-C(5)); 5.25 (d, J ( 3.3, OH-C(3")); 6.40 (t, H-C(1"));
7.70 (s, H-C(6)); 8.53 (s, H-C(2)). Anal. calcd. for C;sH,;N;50;
(357.41): C 60.49, H 6.49; found: C 59.28, H 6.43.

7-(2-Deoxy-5-O-(4,4 -dimethoxytriphenylmethyl)-p-D-erythro-
pentofuranosyl)-N*-[(dimethylamino)ethylidene]-5-(prop-1-ynyl)-
7H-pyrrolo|2,3-d]pyrimidin-4-amine (9). Compound 8
(200 mg, 0.56 mmol) was dried by repeated co-evaporation
with anhydrous pyridine (2 x 3 ml) and dissolved in pyridine
(3 ml). After addition of 4,4'-dimethoxytrityl chloride (260 mg,
0.77 mmol) the solution was stirred for 30 min at rt. The
reaction was quenched by adding 5% aq. NaHCO; soln.
(25 ml) and it was extracted with CH,Cl, (30 ml). The aqueous
layer was washed with CH,Cl, (25 x 3 ml). The combined
organic phase was dried over Na,SO, and evaporated. The
residue was subjected to FC (silica gel, column 15 x 3 cm,
CH,Cl,/acetone, stepwise gradient, 9 : 1, 8 : 2, 1 : 1). The main
zone afforded compound 9 as a colorless foam (235 mg, 64%).
TLC (CH,C1,/MeOH, 9 : 1): R; 0.48. UV (MeOH): ., 230
(46200), 283 (11200), 308 (12100). 'H-NMR ((D,) DMSO):
1.97 (s, 2 CH;); 2.27 (m, H,~C(2)); 2.55 (m, Hz—C(2))); 3.09
(s, N(CH;),); 3.13 (m, H,-C(5)); 3.91 (m, H-C(4)); 4.35 (m,
H-(3"); 5.30 (d, J ( 3.3, OH-C(3)); 6.55 (t, H-C(1")); 6.82,
7.20-7.34 (2m, 13H-Ar); 7.56 (s, H-C(6)); 8.35 (s, H-C(2)).
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Anal. calcd. for C;H, N;O;5 (659.77): C 71.00, H 6.26, N 10.61;
found: C 70.94, H 6.46, N 10.50.

7-(2-Deoxy-5-0O-(4,4'-dimethoxytriphenylmethyl)-§-p-erythro-
pentofuranosyl)-/V*-[(dimethylamino)ethylidene]-5-(prop-1-ynyl)-
7H-pyrrolo[2,3-d|pyrimidin-4-amine  3'-[(2-cyanoethyl)-/V,/V-
diisopropylphosphoramidite] (6¢). To a solution of compound
9 (200 mg, 0.30 mmol) in anhydrous CH,Cl, (5 ml), N,N-
diisopropylethylamine (DIPEA) (67 upl, 0.39 mmol) and
2-cyanoethyl-diisopropylphosphoramido chloridite (115 pl,
0.56 mmol) were added under Ar atmosphere. After stirring for
0.5 h, 5% aqueous NaHCO; solution was added, and it was
extracted with CH,Cl, (2 x 10 ml). The organic layer was dried
over Na,SQ,, filtered and evaporated. The resulting residue was
subjected to FC (silica gel, column 8 x 2 cm, CH,Cl,/acetone,
9:1). The main zone afforded compound 6¢ as a colorless foam
(222 mg, 86%).

TLC (CH,Cl,—(CH;),CO, 8:2): R; 0.7. *'P-NMR (CDClL,):
149.78, 150.03.
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A series of new N, and Ng macrocycles has been prepared, that includes cis-exogenous O,, S, and S/O atoms to allow
chelation to a metal external to the macrocyclic ring. We found that thioamide units within the macrocycles were
unstable to attack by secondary amines and thus alkylated precursors containing only tertiary amines could lead to
exogenous-S, macrocycles. Cyclisation of alkylated tetraamine precursors with dimethyloxalate or dithiooxamide led
to both N, and Ny macrocycles via 1 + 1 and 2 + 2 cyclisation reactions with exogenous-O, or S, respectively.
Alkylation of preformed exogenous-O, macrocycles was explored and led to alkyl substitution at the secondary
amine nitrogens in the ring, however synthesis of these species was overall lower yielding than cyclisation using
alkylated tetraamine precursors. Thionation of an exo-O, macrocycle using an analogue of Lawesson’s Reagent led to
formation of the analogous exogenous-S, and exogenous-O,S macrocycles. Related S,N, macrocycles with
exogenous-O, were prepared by a cyclisation route but could not be isolated free of larger ring analogues.

Introduction

Multimetallic transition metal complexes offer an important
route for the preparation of magnetic materials,! development
of catalytic reagents,” models of metalloenzymes® and in the
construction of metallosupramolecular architectures.* In such
systems, interaction between different metal centres is a key
feature and ligand units that can induce and control this are
therefore of great importance. We and others have previously
reported the synthesis and characterization of cyclam-based
macrocyclic ligands that incorporate cis-exogenous oxygen
atoms (hereafter referred to as exo-0O,) arranged for chelation
to a metal atom external to the macrocyclic ring.>® These
macrocycles incorporate an oxamide-based bis-bidentate linker
with deprotonatable amides and are related to amino acid based
ligands.” Although bis-amide macrocycles have been widely
studied®™® generally as precursors to saturated macrocycles (by
reduction), only a small minority of those reported contain cis
amides and the use of exogenous binding groups as bidentate
linkers has been seldom utilized for the formation of multinu-
clear systems in macrocyclic chemistry.'

The reports of exo-O, macrocycles>® although limited in
number, have stimulated much further work involving syn-
thesis of heteropolynuclear complexes and assemblies.”” Such
macrocycles have tremendous potential to form novel functional
materials as illustrated by the variety of materials developed
from open chain oxamido analogues, including multinuclear
complexes™®™ and coordination polymers,*****® giving for ex-
ample ferromagnetic complexes and ferrimagnetic chains. The
extension of this approach to macrocyclic complexes offers the
possibility to exploit the greater control over ligand selectivity,
greater structural rigidity of the ligand framework and greater
thermodynamic and kinetic stability typical of macrocyclic
complexes.

Although oxamato, oxamide and oxalato linkers for first row
transition metals are well known, dithiooxamide-based linkers

1 Electronic supplementary information (ESI) available: synthesis and
characterisation of la—c, 2a—c, 10b,c and 11b,c; COSY NMR spectra of
3b, 5b, 5¢, 7b, 10c. See DOI: 10.1039/b510734b
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are much less studied, yet it is expected that diffuse sulfur 3s and
3p valence orbitals will mediate strong electronic communica-
tion between coordinated metals. With the use of macrocycles to
enforce a cis conformation, soft exogenous sulfur-donor atoms
may allow complexation of second and third row transition
metals. Combined with the hard macrocyclic nitrogen donors
coordinating first row transition metals, the result would be novel
alternating hard-soft multimetallic complexes.

Results and discussion

We report the preparation of a series of new macrocycles that
contains cis-exogenous sulfur and oxygen donor atoms (Fig. 1).
Compounds 3b—e, 4a—c, Sb—c, 6b, and 7b were isolated, purified
and fully characterised. Compounds 10b,c were identified by
NMR and mass spectrometry methods, however we were unable
to isolate these in a pure form as they remained contaminated
with the larger 2 + 2 cyclisation products (11b,c). An important
target of this work was to extend this field from the known exo-0O,

R n 3b: m=1, n=0, R,R'=Et, X=Y=0
\N HN X 3c: m=0, n=1, R,R'=Et, X=Y=0
3d: m=0, n=1, R=Me, R'=H, X=Y=0
(@ I 3e: m=0, n=1, R=R'=Me, X=Y=0
N HN % 5b: m=1, n=0, R=R'=Et, X=Y=8
R'/ 5¢: m=0, n=1, R=R'=Et, X=Y=8
7b: m=1, n=0, R=R'=Et, X=S, Y=0

S HN @] X NH N X
. N L
n n n
10b: m=1, n=0 4a: m=0, n=0, X=Y=0
10¢c: m=0. n=1 4b: m=1, n=0, X=Y=0
’ 4c: m=0, n=1, X=Y=0
6b: m=1, n=0, X=Y=8
Fig. 1 New macrocycles prepared in this work.
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macrocycles to novel exo-S, macrocycles. Synthesis of such
macrocycles proved difficult as we observed that macrocycles
containing the dithiooxamide fragment (e.g. 5b—c, 6b) are
unstable when the macrocycle contains secondary amines that
can attack the thioamide functionality. This led us to explore
the chemistry of alkylated analogues of the reported exo-O,
macrocycles™ as these would contain only tertiary amines.
Thus we have developed new alkylated exo-O, macrocycles and
furthermore used this chemistry to prepare novel exo-S, and
exo0-0,S macrocycles.

(i) Cyclisation route to 3b, 3c, 4a—c

Synthesis of alkylated macrocycles containing tertiary amines
was approached in two ways. The first of these, discussed in this
section, involved the preparation and cyclisation of alkylated
precursors containing both primary and tertiary amines. The
most commonly utilized nitrogen protecting groups are the
toluenesulfonyl (tosyl) and zert-butoxycarbonyl (Boc) groups.
Phthalimides are much less frequently used, however we found
that phthalimides enabled easier column chromatography and
gave crystalline products that aided isolation. Thus we obtained
the highest yields of protected tetraamine precursors (la—c)
using phthalimide protection for the primary amines (Scheme 1).

N\/ﬁ\/N\/@¥ 2a, 2b, 2¢
HQNJ%XV - —NH,

Scheme 1 Synthesis of la—¢ and 2a—c. n and m defined in Fig. 1
(i) Na,CO;, CH,CN (ii)) NH,NH,-H,O0.

The anaerobic reaction of the appropriate secondary diamine
and excess N-bromo-alkylphthalimide in the presence of sodium
carbonate produced diprotected diamine which could be purified
by column chromatography in around 50% yield.t The depro-
tection step of (la—c) (Scheme 1) was chemically clean, facile
and high yielding. Although the protected diamines are very
stable, the deprotected tetraamines (2a—c) are deliquescent and
absorb carbon dioxide from the atmosphere. The only literature
example concerning phthalimide group protection of a diamine
that we are aware of" afforded purified yields of only 20% in
contrast to the >80% yields obtained here from la—c. The air
sensitive compounds 2a—¢ were characterised by both positive
ion FAB mass spectrometry and 'H NMR.

The series of tetraaza and octaaza N-substituted macrocyclic
oxamides (3b, 3c, 4a, 4b and 4¢) were synthesized via cyclisation
reactions utilising 2a—¢ with dimethyloxalate (e.g. Scheme 2
for 3b and 4b) using a method analogous to the synthesis
of 2,3-dioxo-1,4,8,11-tetraazacyclotetradecane.®* The reaction
scale, dilution and addition rate were varied to determine the
optimal cyclisation conditions and it was found that the slow and
simultaneous drop-wise addition of 2a—c and dimethyl oxalate
in degassed ethanol in a precise 1 : 1 ratio, to a refluxing pool
of degassed ethanol over ~2-3 days yielded the best results. It
is interesting to observe that no product species “3a” could be

o 0 LmJ
o) 0 N N
MeO OMe [ j
+
NH HN Ox_NH HNZ o
NH, H,N .

( EtOH, A [N ) )
N Y1

NH HNj o}
LSl
Scheme 2 Synthesis of 3b and 4b.

identified and presumably 1 + 1 cyclisation is disfavoured in this
case due to the small and poorly flexible ring that would result.

The presence of small amounts of water had little effect on the
cyclisation, however exposure of the 2a—c¢ precursor to carbon
dioxide appeared to promote formation of the larger series 4
macrocycles and increased polymeric side product. In all cases,
successful reactions generated no precipitate.

The comparison between the 3b and 4b 'H NMR peaks
revealed a general downfield shift in the spectrum of the larger
macrocycle giving rise to diagnostic peaks. These also showed a
general downfield shift with increasing macrocycle size and an
upfield shift in the CH,NC(O) peak from tetraaza to octaaza
macrocycles with m = 0. The former trend is related to ring strain
whilst the latter trend relates to amides in a fixed cis configura-
tion where the CH,NC(O) protons are more deshielded relative
to more relaxed configurations. The m = 1 bridged 3b and 4b do
not fit the latter trend, suggesting that greater flexibility in the
bridge between the tertiary amines opposite the oxamide allows
relaxation from the more deshielded configuration.

Equivalent carbon environments in directly related 3 and 4
macrocycles can be distinguished by "C{'H} NMR and a gen-
eral downfield shift was observed with the decrease in ring size
to the smaller macrocycle, 3b. The amide carbon peaks clearly
reflect both the increase in macrocycle size and the relaxation
of the cis configuration as the octaazamacrocycle amide peaks
are upfield relative to the more strained and deshielded tetraaza
macrocycle amide peaks. The other influencing factor was the
location of m or n = 1 bridges relative to the oxamide group.
When positioned next to the oxamide group such bridges became
less shielded in the larger macrocycles.

(ii) Alkylation of N, macrocycle

Since 2,3-dioxo-1,4,8,11-tetraazacyclotetradecane is already
known from the literature,® alkylation of this precursor to
prepare new macrocycles was explored. Room temperature
reaction with a large amount of methyl iodide produced an
inseparable mixture of mono-, bis- and tris-methylated products
according to mass spectrometry. To prevent tris-methylated
product formation, it was necessary to reduce the excess of
methyl iodide used. This in turn increased the probability of
unreacted and monomethylated product formation and heating
was required to promote the reaction. A mixture of unreacted
2,3-dioxo-1,4,8,11-tetraazacyclotetradecane and macrocycles 3d
and 3e was produced and isolation of pure 3d and 3e was possible
via column chromatography.

Overall, the high dilution cyclisation route proved to be higher
yielding and more flexible than alkylation of the preformed
macrocycle despite the extra synthetic step. In both routes, the
cyclisation step limits the obtainable yields, however the presence
of tertiary rather than secondary amines in the cyclisation step
for 3b and 3c appeared to generally promote cyclisation over
polymerisation.

(iii) Mixed thia-aza macrocycles with exo-O,

Kimura et al.*® synthesised mixed thia-aza macrocycles by cycli-
sation of the appropriate dithia diamine with dimethylmalonyl
dichloride in the presence of caesium carbonate. We used a
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higher dilution variant of the methodology of Kimura et al.
for the synthesis of macrocycle 10c using oxalyl chloride (X =
Cl) as a rigid unit that should favour cyclisation and lead
to the exo-O, product. The solid contained both the product
macrocycle (10¢) and an unidentified side product that was
neither a larger macrocycle nor a polymer chain. The absence
of any connectivity between the macrocyclic peaks and the
side product peaks could clearly be seen in the COSY NMR
spectrum, as could the internal connectivity within both sets of
peaks. Attempts to isolate 10c¢ via solvent extraction and further
column chromatography were unsuccessful, thus only a crude
52% yield of 10c can be reported.

Cyclisation in degassed absolute ethanol generated various
mixtures of 10b, the 2 + 2 cyclisation product (11b) and a side
product, however it was not possible to obtain macrocycle 10b
uncombined with either 11b or the side product. Cyclisation
with dimethyl oxalate was also attempted but was very low
yielding either with or without addition of caesium carbonate
as an ion pair templating agent. Whilst it was not possible to
isolate pure macrocyclic product 10b (or the related 10c), it is
evident that the faster cyclisation reaction with oxalyl chloride
in combination with high dilution favoured [1 + 1] cyclisation
over polymerisation and formation of larger cycles. Conversely,
the slower cyclisation with dimethyl oxalate produced primarily
polymeric material.

(iv) Synthesis of exo-S, macrocycles by cyclisation

In contrast to the abundant literature examples of macrocyclic
amides, very few examples of macrocyclic thioamides are
known.? A recent report (2003) reported a polythioamide
macrocycle series designed as anion receptors and described
these as “the first thioamide-based macrocycles”,” emphasising
the novel nature of such ligands. It should also be noted that
in contrast to our work below, the thioamide groups were not
adjacent and thus not positioned for exogenous coordination.
Very similar macrocycles with pyridine in place of the benzene
rings have subsequently been reported.??” The latter examples
were produced by conversion of their amide-based precursors to
thioamides via a thionation agent such as Lawesson’s reagent.

The general reaction of unsubstituted thioamides with pri-
mary aliphatic amines via elimination of NH; is known as the
Wallach reaction and dates back to 1891.% Since the use of
mild reaction temperatures leads to high yields, the Wallach
reaction is one of the major routes for the production of
N,N’-disubstituted dithiooxamides. Whilst several species with
terminal oxy functional groups have been synthesized,** for
species containing additional non-dithiooxamide nitrogens, only
compounds with tertiary amines, amides*® or bulky alkyl group-
protected®* amines are reported. In each of these cases, the
absence of available amine protons prevents the elimination
of hydrogen sulfide and formation of oxalamidines (in the
absence of an external proton source). In keeping with this, our
initial attempts to synthesise a novel exo-S, macrocycle through
reaction of a tetraamine with dithiooxamide (Scheme 3) resulted
in the further elimination of two equivalents of H,S through
reaction of the secondary amines giving a non-macrocyclic
product. Thus it is apparent that to be stable, macrocycles
based on the dithiooxamide unit must not contain additional
secondary amines and that our synthetic approach should use
the alkylated, tertiary amine precursors 2a—c.

K\ M
NH HN NH; H,N S  ng, N N
- 3
[ I ' j\: j
NH HN K)NHZ H,N S -2S8H, NZ N

Scheme 3 Reaction of tetraamine with dithiooxamide to give a
non-macrocyclic product.
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We prepared the series of tetraaza and octaaza N-substituted
macrocyclic thioamides via cyclisation of the 2a—¢ N-substituted
tetraamine precursor series. Cyclisation was performed in an
analogous manner to the synthesis of macrocycles 3 and the
primary difference lay in the application of the Wallach reaction
to the cyclisation as illustrated in Scheme 4 for the synthesis of
macrocycles Sb and 6b. The reaction scale, dilution and addition
rate were varied to determine the optimum cyclisation condi-
tions and successful reactions generated no precipitate. Isolation
of the macrocyclic products was complex since reduction of the
reaction mixture to dryness repeatedly resulted in the immediate
and irrecoverable decomposition of the mixture into an insoluble
brown substance with release of H,S. This problem was circum-
vented by addition of degassed distilled water and removal of
the lower boiling methanol followed by extraction into chloro-
form. Column chromatography (silica/methanol) separated the
macrocyclic products from the unidentified by-products. In gen-
eral the '"H NMR spectra were directly comparable with those
of the equivalent macrocyles 3 discussed above. The CH,NC(S)
chemical shift values compared well to the 3.88 ppm literature
value previously observed for macrocyclic CH,NC(S).*

s. 8 Lm J
S S N N
H,N  NH, [ j
+
NH HN
S NH HN S
NH, HoN MeOH, A [ | j: 1
( S NH HN
N

CO I SRV
ik

Scheme 4 Synthesis of 5b and 6b.

(v) Thionation of preformed macrocycle

Due to the low yields obtained for Sb and 6b using the cyclisation
route above, we also studied the synthesis of thioamide macrocy-
cles through thionation of the amide macrocycle 3b. Thioamides
were amongst the earliest thiocarbonyl compounds produced,
by the reaction of amides and phosphorus pentasulfide at
very high temperatures. The development of the more reactive
species 2,4-bis(4-methoxyphenyl)-1,3,2,4-dithiadiphosphetane-
2,4-disulfide, known as Lawesson’s reagent (LR),* made possi-
ble the thionation of a wider range of carbonyl compounds and
improved thionation product yields. Lawesson’s reagent is easily
produced from phosphorus pentasulfide and has the advantage
of solubility in boiling organic solvents such as toluene.** We
found however that the target macrocycles 5 were temperature
sensitive and a gentler thionation reagent was required. Woollins
et al.®*® have produced a Lawesson’s reagent analogue (LR*)
allowing the thionation reaction to proceed at lower/room
temperatures.

Scheme 5 outlines the thionation reaction of 3b. Only one
equivalent of LR* is required to convert two carbonyl/amide
groups since thionation is believed to proceed via a four-ring
intermediate, either akin to the Wittig reaction mechanism or
via a dithiophosphine ylide.*

o CHCL, \ /" \

IOTT;C iC L

3b Sb Tb
Scheme 5 Thionation of 3b.
Macrocycle 5b was produced in 16% yield whilst 7b was

obtained in 51% yield. The successful synthesis of a finite yield
of macrocycle 5b suggested that all or most of macrocycle 7b





would be fully converted to 5b given sufficient time, thionation
reagent and energetic input. In an effort to increase the yield
of 5b, the reaction was repeated with a greater excess of
LR* and a stepwise gradual increase in reaction temperature.
TLC monitoring showed little change in the 5b : 7b ratio as
the temperature increased until it had reached ~100 °C (dry,
degassed toluene) whereupon no 5b was observed. Additionally,
the yield of 5b and the combined yields of 5b and 7b obtained
with a ~60 °C reaction temperature were both lower than the
yields obtained with the <40 °C reaction temperature. Evidently,
a much longer reaction time at a low temperature was the only
possibility for increasing the yield. The '"H NMR spectrum
of the reaction mixture of a larger scale reaction upon three
weeks stirring at room temperature contained diagnostic peaks
in a 3 H,NC(S) : 1 CH,NC(O) ratio suggesting a potential
~50% yield of Sb. Only an 18% yield of 5b was recovered after
column chromatography and it is likely that some decomposition
occurred during isolation of 5b.

The 1D and 2D COSY 'H NMR spectrat of 5b and 7b
indicated that the presence of thioamides rather than amides
caused a downfield shift in the associated peaks. In other
respects, the "H NMR spectrum of 5b was almost identical
to that of 3b. The 2D COSY spectrum of 5b with low level
contours is of interest due to the apparent weak connection
between the CH,NC(S) peak and a minor peak at ~1.2 ppm,
typical of a thiol. The connection suggested the presence of
both the dithiooxaamide and dithiol tautomer forms of 5b. A
similar connection was not observed in the 2D COSY spectrum
of 7b although a thiol peak was present, as the very low level
contours were not displayed. In both cases, the thiol peaks are
small and do not integrate correctly. This indicates that either
5b preferentially exists in the thioamide tautomer form or that
decomposition via loss of hydrogen sulfide is more facile from
the thiol tautomer form. The change from exo-O, (3b) to exo-S,0
(7b) and exo-S, (5b) was also evident through observation of the
change in the v(C=0) peak in the IR spectrum, which weakened
in intensity in 7b and disappeared entirely in 5b as expected.

As an individual reaction step, the thionation reaction proved
to be much more efficient and higher yielding than the cyclisation
route. Taking into account the previous steps, both routes give
similarly low yields of macrocycles 5 however a significant yield
of macrocycle 7b was achieved by this route.

Conclusions

A series of new nitrogen-donor macrocycles with exogenous
oxygen and/or sulfur-donor atoms has been synthesised and
fully characterised. The syntheses involved both cyclisation
reactions and also modification of preformed macrocycles by
alkylation or thionation. In all cases, the yield was limited by
the cyclisation step. The exo-O, macrocycles were air stable
whereas macrocycles with exo-S, thioamide units were found
to be unstable in air. Thionation methods produced better (but
still low) yields of the exo-S, macrocycle than the analogous
cyclisation route, although the yield of the exo-O,S macrocycle
was much higher and provides a convenient route to this very
novel macrocycle.

The ready formation of 7b indicates that thionation is simple
in principle for these systems, however the difficulty in forming
the bis-thioamide macrocycle with adjacent thioamide groups
suggests an inherent reactivity of this motif, consistent with the
isolation difficulties experienced in the preparation of 5b and
5c by the cyclisation route. Such instability may arise from the
pseudo-cis geometry imposed on the sulfur atoms by the rigidity
of the macrocycle and suggests that further work should focus on
more flexible systems such as the Ny macrocycles 4a—c as these
may be more readily thionated to give the cis-exo-S, product.
Further work will also explore the coordination chemistry of
the new macrocycles in an effort to prepare new multimetallic
species.

Experimental

LR* was synthesised according to the literature procedure®
and the purity determined by 'H and *P-{'"H} NMR. Solvents
used were distilled over standard drying agents under nitrogen
before use. A Watson-Marlow 300U model peristaltic pump was
used for cyclisation reactions. Silica gel for flash chromatogra-
phy of 30-70 um particle size was used for chromatographic
separations. All NMR spectra were recorded using a Delta
upgrade on a Jeol EX 270 MHz spectrometer. Mass spectra were
recorded using positive FAB methods on a micromass Autospec
Q spectrometer with a 35 keV Cs* primary ion beam and a
3-nitrobenzyl alcohol matrix. Infra red spectra were recorded
using either a KBr pressed disc or Nujol mull on a Perkin Elmer
Spectrum RX FT-IR system spectrometer. The microanalyses
were carried out by Mr S Boyer of the Scientific Analysis
and Consultancy Services (SACS) at the University of North
London.

7,11-Diethyl-2,3-dioxo-1,4,7,11-tetraazacyclotridecane (3b)

Applying standard Schlenk techniques, 4,8-diethyl-1,4,8,11-
tetraazaundecane (2b) (270 mg, 1.25 mmol) was dissolved in
degassed ethanol (150 mL) and placed in an appropriate flask
via cannular transfer. Dimethyl oxalate (148 mg, 1.25 mmol)
was dissolved in degassed ethanol (150 mL). A pool of stirring
degassed ethanol (250 mL) was then heated to reflux prior
to the simultaneous drop-wise addition of the two reactant
solutions via peristaltic pump at 40 rpm until addition was
complete (~2 days). The mixture was allowed to continue
refluxing for a further 4 hours then cooled. The ethanol was
removed and recycled. The white residue was extracted into dry
acetonitrile and any insoluble polymeric material was filtered
off. The acetonitrile filtrate was evaporated to dryness and
separation of the products was achieved by column chro-
matography (silica/methanol). 7,11-Diethyl-2,3-dioxo-1,4,7,11-
tetraazacyclotridecane (118 mg, 0.44 mmol, 35%) was eluted as
the third fraction (rf 0.375) as a white powder upon removal
of the solvent. Analysis, calculated for C,;HxN,O,: C 57.77,
H 9.62, N 20.74%. Found: C 57.61, H 9.47, N 20.65%.
'H NMR ¢(CDCl;) ppm: 0.96 (t, 6H, NCH,CH;), 1.35 (m,
2H, CH,CH,CH,), 2.29 (t, 4H, NCH,(CH,),N), 2.45 (q, 4H,
NCH,CH;), 2.57 (t, 4H, NCH,CH,NC(0)), 3.26 (dt, 4H,
C(O)NHCH,CH,), 9.32 (br, 2H, NHamide). "C{'H} NMR
J(CDClL;) ppm: 12.22 (NCH,CHs;), 28.89 (NCH,CH,CH,N),
40.12 ((O)CNCH,), 48.34 (CH;CH,NCH,), 51.53 (NCH,),
53.64 (NCH,), 162.98 (OCNH). (*ve FAB) m/z: 271 (M)*, 269
(M-2H)*. Accurate mass: 271.2138 (M)*; calculated mass for
C;H;N,O,: 271.2134. IR (KBr disk, cm™): 3412 m, 3012 w,
2971 m, 2938 m, 2812 m, 1675 s, 1508 s, 1466 m, 1350 m, 1270
w, 1220 m, 1189 w, 1067 m, 887 m.

8,11-Diethyl-2,3-dioxo-1,4,8,11-tetraazacyclotetradecane (3c)

5,8-Diethyl-1,5,8,12-tetraazadodecane (2¢) (206 mg, 0.9 mmol)
was cyclised with dimethyl oxalate (106 mg, 0.89 mmol) as
described for macrocycle 3b, except with a faster addition
rate (36 hours). §,11-Diethyl-2,3-dioxo-1,4,8,11-tetraazacyclo-
tetradecane (87 mg, 0.31 mmol, 33%) was eluted as the third
fraction (rf 0.42) in column chromatography (silica/methanol)
and isolated as an off-white solid. '"H NMR §(CDCl;) ppm:
1.03 (t, 6H, NCH,CH;), 1.68 (m, 4H, CH,CH,CH,), 2.54 (m,
8H, NCH,CH,), 2.62 (t, 4H, NCH,(CH,),N), 3.46 (dt, 4H,
C(O)NHCH,CH,), 9.88 (br, 2H, NHamide). "C{'H} NMR
J(CDCl;) ppm: 10.44 (NCH,CHj;), 23.24 (NCH,CH,CH,N),
41.61 ((O)CNCH,), 46.84 (CH,CH,NCH,), 50.52 (NCH,),
55.01 (NCH,), 161.02 (OCNH). (*ve FAB) m/z: 285 (M)*.
Accurate mass: 285.2310 (M)*; calculated mass for C;,H,,N,O,:
285.2291. IR (KBr disk, cm™"): 3252 w, 3006 m, 2974 m, 2828 m,
1686 s, 1560 m, 1508 m, 1472 m, 1385 w, 1346 w, 1258 w, 1220 s,
1132 w, 1063 w, 876 m.
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2,3-Dioxo-8-methyl-1,4,8,11-tetraazacyclotetradecane and
8,11-dimethyl-2,3-dioxo-1,4,8,11-tetraazacyclotetradecane
(3d and 3e)

2,3-Dioxo-1,4,8,11-tetraazacyclotetradecane (94 mg, 0.4 mmol)
was dissolved and stirred in absolute ethanol (3 mL). Methyl
iodide (0.06 mL, 0.9 mmol) was then added via microsyringe
and the mixture stirred at ~50 °C for 24 hours. The reaction
mixture was then reduced to dryness. Column chromatography
(silica/methanol) of the resultant pale yellow solid enabled
separation of the products to yield:

(3d)  2,3-dioxo-8-methyl-1,4,8,11-tetraazacyclotetradecane
(14.5 mg, 0.06 mmol, 15%) as the second fraction at rf 0.1.
'"H NMR 6(CDCl;) ppm: 1.69 (m, 4H, CH,CH,CH,), 2.15
(s, 3H, NCH;), 2.40 (dt, 2H, HNCH,CH,N), 2.53 (t, 2H,
HNCH,CH,N), 2.83 (t, 2H, CH;NCH,CH,), 3.47 (dt, 4H, HN
CH,CH,), 8.84 (br, 1H, NHamine), 9.45 (br, 2H, N Hamide).
BC{'H} NMR J(CDCl;) ppm: 24.08 (CH;NCH,CH,CH,N),
27.09 (HNCH,CH,CH,N), 40.69 (NCH,), 41.08 ((O)CNCH,),
41.27 ((O)CNCH,), 46.74 (CH;NCH,), 50.12 (HNCH,), 58.45
(NCH,), 59.74 (NCH,), 161.04 (OCNH), 161.16 (OCNH).
(*ve FAB) m/z: 243/1 (M)*, {265 (M + Na*)}. Accurate mass:
243.1827 (M)*; calculated mass for C,, H,;;N,O,: 243.1821. IR
(KBr disk, cm™): 3397 m, 3250 w, 3006 m, 2949 m, 2848 m,
1678 s, 1558 m, 1516 m, 1464 w, 1356 w, 1120 w, 889 s.

(3e) 8,11-Dimethyl-2,3-dioxo-1,4,8,11-tetraazacyclotetra-
decane (15 mg, 0.06 mmol, 15%) as the third fraction at rf
0.35. '"H NMR J(CDCl;) ppm: 1.67 (m, 4H, CH,CH,CH,),
2.19 (s, 6H, NCH;), 2.45 (s, 4H, N(CH,),N), 2.60 (t, 4H,
CH;NCH,CH,), 3.48 (dt, 4H, HN CH,CH,), 9.45 (br, 2H,
NHamide). (*ve FAB) m/z: 257 (M)*. Accurate mass: 257.1972
(M)*; calculated mass for C,,H,N,O,: 257.1977. IR (KBr
disk, cm™"): 3251 w, 3006 m, 2899 m, 2823 m, 1684 s, 1558 m,
1508 m, 1464 m, 1348 w, 1239 w, 1129 w, 892 s.

7,10,19,22-Tetraethyl-2,3,14,15,-tetraoxo-1,4,7,10,13,16,29,22-
octaazacyclo24ane (4a)

4,7-Diethyl-1,4,7,10-tetraazadecane (2a) (162 mg, 0.85 mmol)
was cyclised with dimethyl oxalate (102 mg, 0.85 mmol) as
described for macrocycles 3b and 4b. 4a (45 mg, 0.086 mmol,
21%) was eluted as the third fraction (rf 0.02) in column
chromatography (silica/methanol) and isolated as a pale yellow
solid. '"H NMR d(CDCl;) ppm: 1.04 (t, 12H, NCH,CH;), 2.56
(s, 8H, NCH,CH,N), 2.61 (t, 8H, NCH,CH,NC(0)), 2.70 (q,
8H, NCH,CHy;), 3.29 (dt, 8H, C(O)NHCH ,CH,), 8.33 (br, 4H,
NHamide). *C{'H} NMR ¢6(CDCl;) ppm: 10.55 (NCH,CH,),
37.96 ((O)CNCH,), 48.45 (CH,CH,NCH,), 49.43 (NCH,),
49.90 (NCH,), 160.59 (OCNH). (*ve FAB) m/z: 513 (M)*, 511
(M-2H)*. Accurate mass: 513.3895 (M)*; calculated mass for
CHNO,: 513.3877. IR (KBr disk, cm™): 3348 w, 3255 w,
2973 m, 2812 m, 1669 s, 1518 s, 1466 m, 1350 w, 1189 w, 1094 w,
887 m.

7,11,20,24-Tetraethyl-2,3,15,16-tetraoxo-1,4,7,11,14,17,20,24-
octaazacyclo26ane (4b)

4b was obtained as the [2 + 2] cyclisation product in the
synthesis of 3b. 4b (127 mg, 0.235 mmol, 38%) eluted at rf 0.45
upon changing the chromatography system to (silica/9 MeOH :
1 NH; : 20 DCM). Analysis, calculated for C,sHs,N;O,: C
57.77, H 9.62, N 20.74%. Found: C 57.63, H 9.51, N 20.64%;
'H NMR 6(CDCl;) ppm: 1.01 (t, 12H, NCH,CH,), 1.66 (m,
4H, CH,CH,CH,), 2.50 (t, 8H, NCH,(CH,),N), 2.56 (m, 8H,
NCH,CH,), 2.61 (t, 8H, NCH,(CH,),NC(0)), 3.38 (dt, 8H,
C(O)NHCH,CH,), 8.07 (br, 4H, NHamide). "C{'H} NMR
Jo(CDCl;) ppm: 11.73 (NCH,CH;), 24.80 (NCH,CH,CH,N),
37.24 ((O)CNCH,), 48.08 (CH;CH,NCH,), 51.09 (NCH,),
51.34 (NCH,), 159.84 (OCNH). (*ve FAB) m/z: trace 811
M [3 + 3])%, 541 (M [2 + 2])*, 539 (M-2H)*. Accurate mass:
541.4209 (M)*; calculated mass for C,sHs;NgO,: 541.4190. IR
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(KBr disk, cm™): 3396 w, 3309 w, 2972 m, 2821 m, 1672 s,
1507 s, 1458 m, 1374 w, 1260 w, 1211 m, 1090 w, 1008 w, 860 s.

8,11,22,25-Tetraethyl-2,3,15,16-tetraoxo-1,4,8,11,15,18,22,25-
octaazacyclo28ane (4¢)

4c was obtained as the [2 + 2] cyclisation product in the synthesis
of 3c. 4¢ (32 mg, 0.058 mmol, 13%) eluted as the first fraction
upon changing the chromatography system to (silica/9 MeOH :
1 NH;). "HNMR 6(CDCl;) ppm: 1.01 (t, 12H, NCH,CH;), 1.79
(m,4H, CH,CH ,CH,), 2.54 (m, 24H,NCH,CH,,;), 3.32(dt, 8H,
C(O)NHCH,CH,), 9.47 (br, 4H, NHamide). "C{'H} NMR
Jo(CDCl;) ppm: 10.97 (NCH,CH;), 24.52 (NCH,CH,CH,N),
40.47 ((O)CNCH,), 47.94 (CH;CH,NCH,), 50.97 (NCH,),
54.63 (NCH,), 159.65 (OCNH). (*ve FAB) m/z: 569 (M)*, 567
(M-2H)*. Accurate mass: 569.4490 (M)*; calculated mass for
CysHs;NgO,: 569.4502. IR (KBr disk, cm™): 3395 m, 3328 m,
2971 m, 2820 m, 1668 s, 1517 s, 1471 m, 1374 w, 12125, 1184 w,
1071 w, 846 m.

7,11-Diethyl-2,3-dithio-1,4,7,11-tetraazacyclotridecane (5b)
(cyclisation route)

Applying standard Schlenk techniques, 4,8-diethyl-1,4,8,11-
tetraazanonane (2b) (200 mg, 0.926 mmol) was dissolved in
degassed dry methanol (140 mL) and placed in an appropriate
flask via cannular transfer. Dithiooxamide (111 mg, 0.926 mmol)
was dissolved in degassed dry methanol (150 mL). A pool of
stirring degassed dry methanol (250 mL) was then heated to
reflux prior to the simultaneous drop-wise addition of the two re-
actant solutions via peristaltic pump until addition was complete
(~24 hours). The mixture was allowed to cool and stirred for a
further 3 days. The volume of methanol was reduced to ~30 mL,
degassed distilled water (120 mL) added and the remaining
methanol removed under vacuum. The products were extracted
into chloroform (~300 mL), then the volume of chloroform was
reduced to ~5 mL. Separation of the products was achieved
by column chromatography (silica/methanol). 7,11-Diethyl-
2,3-dithio-1,4,7,11-tetraazacyclotridecane (15.0 mg, 0.05 mmol,
5.4%) was eluted as the third fraction (rf 0.43) as an air sensitive
orange powder upon removal of the solvent and drying under
vacuum. 'H NMR J6(CDCl;) ppm: 0.98 (t, 6H, NCH,CH,),
1.32 (m, 2H, CH,CH,CH,), 2.24 (t, 4H, NCH,(CH,),N), 2.48
(q,4H, NCH ,CH,), 2.73 (t, 4H, NCH,CH,NC(S)), 3.74 (t, 4H,
C(S)NHCH,CH,). (*ve FAB) m/z: 325 (M + Na)*, 303 (M)*.
IR (KBr disk, cm™): 3255 w, 2970 s, 2812 m, 1558 m, 1540 m,
1521 s, 1458 m, 1396 w, 1338 w, 1084 w, 920 m, 898 m.

8,11-Diethyl-2,3-dithio-1,4,8,11-tetraazacyclotetradecane (5¢)

5,8-Diethyl-1,5,8,12-tetraazadodecane (2¢) (150 mg, 0.65 mmol)
in degassed absolute ethanol (160 mL) and dithiooxamide
(78 mg, 0.65 mmol) in degassed absolute ethanol (160 mL) were
cyclised via peristaltic pump addition as described for macro-
cycles 5b and 6b. The air sensitive orange-brown solid, 8,11-
diethyl-2,3-dithio-1,4,8,11-tetraazacyclotetradecane (12.3 mg,
0.04 mmol, ~7%), was eluted as the first fraction (rf 0.45)
in column chromatography (silica/methanol) after elution of
unreacted material (silica/ethanol). '"H NMR J6(CDCl;) ppm:
1.03 (t, 6H, NCH,CH;), 1.68 (m, 4H, CH,CH,CH,), 2.52
(s, 4H, NCH,CH,N), 2.56 (q, 4H, NCH,CH,), 2.61 (t, 4H,
NCH,(CH,),N), 3.48 (dt, 4H, C(SYNHCH,CH,), 9.93 (br, 2H,
NHthioamide). (*ve FAB) m/z: 283 (M-SH,)*; (CI, ammonium)
m/z: 421, 285 (M-S)*, 255 (M-2S)*.

7,11,20,24-Tetraethyl-2,3,15,16-tetrathio-1,4,7,11,14,17,20,24-
octaazacyclo26ane (6b)

6b was obtained as the [2 + 2] cyclisation product in the synthesis
of 5b. 6b (19 mg, 0.032 mmol, 7%) eluted as the fourth fraction
at rf 0.25 in column chromatographic separation of the product
mixture (silica/methanol). Analysis, calculated for C,sHs,NgS,:





C 51.66, H 8.61, N 18.54%. Found: C 51.81, H 8.74, N 18.65%.
'"H NMR ¢(CDCl;) ppm: 1.02 (t, 12H, NCH,CH;), 1.77 (m,
4H, CH,CH,CH,), 2.56 (m, 12H, NCH,CH,,;), 2.61 (t, 8H,
NCH,CH,NC(S)), 3.62 (dt, 8H, C(SYNHCH,CH,), 10.61 (br,
4H, NHthioamide). (*ve FAB) m/z: 605 (M)*, 603 (M-2H)",
trace 549. IR (KBr disk, cm™"): 3187 m, 2962 m, 2928 s, 2855 m,
1653 w, 1522 m, 1458 m, 1377 m, 1312 w, 1261 m, 1094 m, 1017
w, 858 m.

7,11-Diethyl-2,3-dithio-1,4,7,11-tetraazacyclotridecane (S5b) and
7,11-diethyl-2-oxo-3-thio-1,4,7,11-tetraazacyclotridecane (7b)
(thionation route)

Applying standard Schlenk techniques, freshly prepared® 2,4-
bis(3-tert-butyl4-methoxyphenyl) 1,3,2,4-dithiadiphosphetane-
2,4-disulfide (LR*) (56 mg, 0.1 mmol) and 7,11-diethyl-2,3-
dioxo-1,4,7,11-tetraazacyclotridecane (3b) (27 mg, 0.1 mmol)
were dissolved in dry degassed DCM (3 mL). The mixture was
stirred at room temperature for 3 days and monitored by TLC
(silica/methanol). The mixture was then heated at 40 °C for
3 hours without causing any apparent change. After a further
24 hours stirring at room temperature, a new spot appeared in
the TLC trace. Column chromatography (silica/methanol) of
the reaction mixture eluted 5b (5.1 mg, 0.017 mmol, 16%) at rf
0.48 and 7b (14.6 mg, 0.051 mmol, 51%) at rf 0.32. Both 5b and
7b were air sensitive yellow-orange solids that had to be dried
under vacuum and stored under nitrogen.

Both longer periods of heating at <40 °C and longer periods
of stirring at room temperature increased the proportion of Sb
produced (acc. to '"H NMR) but higher yields were not obtained
due to gradual decomposition with loss of H,S during column
chromatography to generate a reddish band at rf 0.1.

5b. 'H NMR 6(CDCl;) ppm: as listed for cyclisation route
plus 9.25 (br, 2H, NHC(S)) and 1.25 (t, trace, SH). (*ve FAB)
m/z: 303 (M)*. Accurate mass: 303.1670 (M)*, calculated mass
for C;;HyN,S,: 303.1677

7b. 'H NMR 6(CDCl;) ppm: 0.96 (dt, 6H, NCH,CH;),
1.25 (s, trace, SH), 1.34 (m, 2H, CH,CH,CH,), 2.27 (t,
4H, NCH,(CH,),N), 2.43 (dq, 4H, NCH,CH,), 2.60 (t, 4H,
NCH,CH,NC(0)), 2.73 (t,4H, NCH,CH,NC(S)), 3.27 (dt, 4H,
C(O)NHCH,CH,), 3.74 (t,4H, C(SYNHCH ,CH,), 7.67 (br, 2H,
NHC(0)), 9.26 (br, 2H, NHC(S)). (*ve FAB) m/z: 287 (M)*.
Accurate mass: 287.1912 (M)*, calculated mass for C;;H,,N,OS:
287.1906. IR (KBr disk, cm™): 3429 w, 3350 w, 3255 w, 2968 m,
2812 m, 1676 m, 1514 m, 1460 w, 1396 w, 1350 w, 1262 s, 1097
m, 1016 m, 909 m.
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Adherence of uropathogenic Escherichia coli to host tissue is mediated by pili, which are hair-like protein structures
extending from the outer cell membrane of the bacterium. The chaperones FimC and PapD are key components in
pilus assembly since they catalyse folding of subunits that are incorporated in type 1 and P pili, respectively, and also
transport the subunits across the periplasmic space. Recently, compounds that inhibit pilus biogenesis and interfere
with chaperone—subunit interactions have been discovered and termed pilicides. In this paper NMR spectroscopy was
used to study the interaction of different pilicides with PapD and FimC in order to gain structural knowledge that
would explain the effect that some pilicides have on pilus assembly. First relaxation-edited NMR experiments
revealed that the pilicides bound to the PapD chaperone with mM affinity. Then the pilicide—chaperone interaction
surface was investigated through chemical shift mapping using *N-labelled FimC. Principal component analysis
performed on the chemical shift perturbation data revealed the presence of three binding sites on the surface of
FimC, which interacted with three different classes of pilicides. Analysis of structure—activity relationships suggested
that pilicides reduce pilus assembly in E. coli either by binding in the cleft of the chaperone, or by influencing the
orientation of the flexible F1-G1 loop, both of which are part of the surface by which the chaperone forms complexes
with pilus subunits. It is suggested that binding to either of these sites interferes with folding of the pilus subunits,
which occurs during formation of the chaperone-subunit complexes. In addition, pilicides that influence the F1-G1
loop also appear to reduce pilus formation by their ability to dissociate chaperone—subunit complexes.

Introduction

Pili are rod-like, oligomeric extracellular protein fibres formed
by a wide range of pathogenic bacteria.! Their function is to
allow bacteria to adhere to the epithelial surface of the host in
order to facilitate invasion and colonization of the underlying
tissue. Uropathogenic Escherichia coli forms two kinds of pili,
type 1 pili and P pili, that are involved in development of
different forms of urinary tract infections (UTIs). For type 1
pili the rod consists of repeating FimA subunits ending with
a short fibrillum having the adhesin FimH? at the tip. FimH
binds to mannose oligosaccharides present on the epithelial
cells in the bladder;® a binding that is critical for development
of UTI in the bladder (cystitis). P pili are constructed in a
similar fashion with a rod consisting of repeating PapA subunits
and a tip fibrillum containing the adhesin PapG as well as
three other pilus-proteins.* This adhesin binds to the Gala(1-
4)Gal disaccharide found in glycolipids in the upper urinary
tract,>” thereby allowing the infection to ascend into the kidneys
(pyelonephritis).

Pilus biogenesis proceeds via the chaperone—usher pathway,?
in which the periplasmic chaperones FimC and PapD play a
crucial role in formation of type 1 and P pili, respectively.
The two chaperones have almost identical secondary and
tertiary structures and each consists of two domains with an
immunoglobulin (Ig)-like fold.*!* The domains are oriented so
that a cleft is formed between them, giving the chaperones an
overall boomerang-like shape. The close structural relationship
between FimC and PapD is reflected by the fact that they may
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be interchanged, i.e. PapD can substitute for FimC in building
up type 1 pili."* The subunits that make up pili in uropathogenic
E. coli also have an Ig-like fold but lack one B-strand, thereby
exposing a hydrophobic groove, which renders them unstable in
their monomeric form. The PapD and FimC chaperones mediate
folding'>"* of the pilus subunits after translocation across the
inner cell membrane and then stabilize their structures by
forming a complex in the periplasm through a mechanism called
donor-strand complementation.'*s In the complex, the G1 B-
strand of the chaperone complements the missing -strand in the
subunit in a parallel fashion. In addition, a salt-bridge is formed
between the C-terminus of the subunit and two conserved
residues, Arg8 and Lys112, located in the cleft between the two
domains of the chaperone. These key interactions are formed in
the same manner in the chaperone-subunit complexes of both
type 1" and P pili.’® After formation, the chaperone-subunit
complex is transported through the periplasm to an usher in
the outer cell membrane of the bacterium, where the pilus is
formed through a mechanism called donor-strand exchange.'
The details of this mechanism are not fully understood but
the end result is formation of subunit-subunit interactions
through displacement of the chaperone G1 B-strand from the
subunit groove by the N-terminal part of the subunit in the
next chaperone-subunit complex to approach the usher. As a
consequence the chaperone is not incorporated in the pilus.
Inhibition of complex formation between periplasmic chaper-
ones and pilus subunits is an attractive target for new antibacte-
rial drugs. This would interfere with pilus biogenesis and thereby
prevent the bacteria from adhering to host tissue without killing
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them. Based on the structural knowledge of the chaperone—
subunit interactions, vide supra, a number of different small
organic molecules, so called pilicides, have been designed and
synthesized."® The pilicides were designed to bind in the cleft
formed by the two domains of FimC and PapD by mimicking the
C-terminal part of the subunits,®*?! thus blocking the chaperone
from binding to the pilus subunits in the periplasm. Surface
plasmon resonance studies have shown that the pilicides bind
specifically to the FimC and PapD chaperones.’*" As was
expected in view of the close structural similarity between these
two chaperones, the pilicides did not discriminate between PapD
and FimC. Some of the more potent pilicides were also found
to disrupt chaperone-subunit complexes.'®* Moreover, the most
potent ones prevented pilus assembly in uropathogenic E. coli,
as revealed by hemagglutination studies. In the present study
we have investigated the structural details of chaperone—pilicide
interactions by using nuclear magnetic resonance spectroscopy.
Our aims were to estimate the affinity of chaperone—pilicide
complexes, to locate the binding site(s) of pilicides on chaperones
and to gain knowledge about the mechanism by which pilicides
inhibit pilus assembly in E. coli.

Results and discussion
Selection of pilicides

A number of pilicides have been designed and synthesized'”
based on the crystal structure of the C-terminal peptide from the
pilus adhesin PapG in the complex with the PapD chaperone.*
The collection of pilicides selected for the present study consisted
of three different classes; disubstituted pyridones 1-4 and 8,
aminomethylated pyridones 5-7, and tyrosine derivatives 9 and
10 (Fig. 1). They have all been shown to bind to the FimC and
PapD chaperones using surface plasmon resonance,'®" except
for 8 which was included as a negative control in the chemical
shift mapping study discussed below. In addition, computer
based modelling suggested that they would bind in the cleft
formed by the two domains of the chaperones.® Peptide 11,
which is the C-terminal 7-mer from the PapG subunit is known
to bind to both chaperones® and was included as a positive
control in the chemical shift mapping study.

Relaxation-edited NMR experiments and affinity estimation

In order to verify that the pilicides have an affinity for the
periplasmic chaperones, relaxation-edited one dimensional 'H
NMR experiments® were performed with pilicides 1-7 and 9.
PapD, which can readily be produced in larger amounts than
FimC, was used in this study. A cpmg spin lock (90, — [t —
180, — 7],) with a total length of 200 ms was used to discriminate
between free pilicide and pilicide bound to PapD. Thus, a
reduction of the signals emanating from the pilicide upon
addition of PapD indicated binding to the chaperone. 1-
Naphthylacetic acid, which does not bind to PapD, was used
as a negative control in these experiments. The relaxation-edited
NMR studies confirmed that all of the studied pilicides, i.e. 1-
7 and 9, bound to the PapD chaperone to various extents (cf.
Fig. 2 for an example).

An estimate of the dissociation constants for the complexes
between PapD and pilicides 1-3 and 5-7 was obtained by
measuring the 7, relaxation times of the pilicides in the absence
and presence of one equivalent of PapD. The pilicides appear to
be in the region of fast exchange on the NMR timescale when
switching between the free and bound state since chemical shift
changes and line broadenings were observed for some proton
resonances upon addition of the chaperone. The dissociation
constant was found to be in the low millimolar range (1-
10 mM) for pilicides 2, 3, and 5-7, with disubstituted pyridone 1
displaying a somewhat higher affinity (K, 0.4 mM). These values
should only be looked upon as estimates since surface plasmon
resonance (unpublished results), "F NMR spectroscopy of
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Fig. 1 Ten pilicides selected for NMR studies. Pilicides 1-8 are based
on the 2-pyridone scaffold, 9 and 10 are tyrosine derivatives. Peptide 11
is the C-terminal heptamer peptide from the PapG adhesin.
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Fig. 2 Relaxation-edited NMR spectra of pilicide 2. The upper
spectrum shows the aromatic region of a 1 : 1 mixture of 2 and
1-naphthylacetic acid. The lower spectrum shows the same region when
one equivalent of PapD is present. Peaks marked with an asterisk
originate from 2.





PapD-pilicide complexes®® as well as the chemical shift
mapping data discussed below, suggest the possibility of
multiple binding sites for pilicides binding to PapD and FimC.

Chemical shift mapping

Information regarding the location of the pilicide binding site(s)
on the surface of the chaperones would be highly valuable in
order to obtain a structural understanding of how some pilicides
prevent pilus assembly. Such structural information is also essen-
tial for the design of subsequent generations of pilicides in efforts
to develop improved compounds with potential for use as novel
antibacterial agents. Observation of chemical shift perturbations
of the backbone amide groups upon complex formation is a
strategy that has proved to be valuable for determination of the
interaction surface of proteins in complexes with small, drug-like
compounds? as well as large biomolecules such as RNA%? and
other proteins.*® FimC is the chaperone of choice for such studies
since a complete assignment of FimC has been reported.*
However, two mutations that necessitated a partial reassignment
of the backbone were found in the primary structure of FimC,
expressed and purified in our laboratory, as compared to the
previously assigned structure (Glul8 — Val and Thr174 —
Ala). This reassignment was accomplished by a combination of
CBCANH?? and CBCA(CO)NH?*** experiments in conjunction
with the previously reported FimC assignment. It is important to
point out that both of these mutations are positioned well away
from the interaction surface between FimC and its subunits, and
they should therefore not alter the chaperone’s ability to bind
pilicides that interfere with pilus assembly.

The C-terminal peptide from a type 1 pilus subunit, such as the
adhesin FimH, would serve as a good positive control for chemi-
cal shift mapping experiments with *N-labelled FimC. However,
due to the poor solubility of C-terminal peptides from FimH,
the C-terminal heptamer peptide from the P pilus adhesin PapG
(11, Fig. 1) was used instead. Surface plasmon resonance has
shown that this peptide binds as well to FimC as the C-terminal
heptamer peptide from FimH.'® The magnitude of the chemical
shift changes induced for each backbone amide group of FimC
upon addition of one equivalent of 11, or each of the pilicides,
was measured as a weighted average between the shift change in
the 'H- and the ""N-dimensions (hereafter referred to as the 4-
values, ¢f. equation in experimental section). The largest effects
of peptide binding were found for the backbone amide groups
of Arg8 and Lys112 in FimC (Fig. 3). Large portions of the G1
B-strand (residues 101-111), as well as the adjacent F1 B-strand
(residues 84-86), also showed major effects, together with some
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Fig.3 Part of the crystal structure of the FimC-FimH complex (FimC
in green). From the FimH adhesin, only the C-terminal heptamer peptide
(blue) is shown. The FimC chaperone is shown in green with residues
experiencing a significant shift change (4 > 0.055) in the presence of
the C-terminal heptamer peptide from the PapG adhesin (11) marked
in red.

residues in the C-terminal domain close to the interdomain cleft
(residues 164, 191-193). These results are in excellent agreement
with what would be expected if 11 and FimC formed a complex
that had a structure identical to that found in the crystalline
FimC-FimH chaperone-pilus adhesin complex,' and also in
the co-crystal of 11 and PapD.*

The poor solubility of pilicides 1-4 and 8 made it necessary
to investigate their binding to FimC in the presence of 5%
DMSO. Consequently, the spectra from the samples of these
pilicides were compared to a reference spectrum of FimC
containing the same amount of DMSO. Judging from the
chemical shifts of the backbone amides, this concentration
of DMSO has no effect on the structure of the chaperone.
Small, relatively hydrophobic compounds such as 1-10 probably
interact mainly with the side-chains of FimC. Therefore, it was
not unexpected that the chemical shift changes induced by the
pilicides were smaller than those induced by the PapG-peptide.
The low (mM) affinity estimated for binding of the pilicides to
FimC should also contribute to the small shift changes since
it results in the fraction of bound pilicide in our experiments
being low (0.2-15%). Initially, this raised the question whether
the observed shift changes originated from variations in sample
preparations, or from other sources beside pilicide-chaperone
interactions. However, the fact that no chemical shift changes
were observed for the negative control 8, which binds very weakly
to FimC according to surface plasmon resonance, reassured
us that the observed chemical shift changes indeed stems from
pilicide—chaperone interactions. In addition, pH measurements
confirmed that no significant changes in pH (less than 0.02 units)
occurred upon addition of pilicide to the FimC samples.

With the exception of the non-binder 8, the pilicides, as
well as peptide 11, affect a larger portion of the FimC
backbone than expected from a single binding site (Fig. 4).
There are several plausible explanations for this unexpected
result, the most obvious one being that secondary, low affinity
binding sites are present on the surface of FimC. This has
been indicated previously for some of the pilicides by surface
plasmon resonance (unpublished results) as well as by "“F
NMR spectroscopy.?® Alternatively, structural changes in the
chaperone on pilicide binding might induce chemical shift
changes for residues not in direct contact with the pilicide.
According to X-ray crystallography, binding of peptides to
PapD did induce a movement of the two domains in relation to
each other, but no rearrangements within either of the domains
were observed.**3 Tt therefore appears unlikely that structural
changes would explain all the chemical shift changes observed
for FimC on binding of pilicides or peptide 11. Interestingly,
PapD and the related chaperone SfaE have been shown to form
homodimers,***” and most likely this is also the case for FimC
since the structure and function of the three chaperones are
almost identical. Thus, PapD forms a weakly bound homodimer
that protects the subunit binding area of the chaperone, in
particular the F1-G1 loop and the G1 B-strand. If pilicide
binding interferes with FimC homodimerization, chemical shift
changes would occur throughout the interaction surface. Indeed,
T, relaxation times, derived from 7', measurements, indicated
that fast exchange between monomeric FimC and a small
amount of FimC homodimer exists. A general increase of about
6% in T, relaxation time is observed for FimC in the presence of
the PapG peptide 11, a result that is consistent with a reduction
in the amount of homodimer found in solution. The increase
in T, relaxation time is particularly noticeable in the flexible
F1-G1 loop of FimC, a region that undergoes a rigidification
in the PapD homodimer. It should be noted that many of the
“unexpected” shift changes observed in the presence of peptide
11, or the pilicides, originate from residues adjacent to the F1—
G1 loop and the G1 B-strand, or from other residues that would
be affected by FimC homodimerization. It thus appears that
these shift changes may well be secondary effects from disruption
of FimC homodimerization. However, as indicated previously
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Fig. 4 FimC residues for which a change in the chemical shift of the backbone amide resonances was detected in the presence of pilicides 1-7, 9,
10, or peptide 11, are marked as a function of the primary sequence of FimC. 4-Values smaller than 0.003 were omitted. 4-Values <0.01 are marked
in light blue, values for which 0.01 < 4 < 0.02 are marked green and 4-values >0.02 are red. The grey rectangle includes the F1-G1 loop and G1

B-strand (residues 92-115).

by surface plasmon resonance and "F NMR spectroscopy,?
less specific binding of the pilicides to the subunit binding
area of FimC most likely also contributes to producing the
“unexpected” pattern of affected residues.

Location of binding sites from chemical shift mapping data

The relatively small induced chemical shift changes, together
with the fact that not all changes observed might originate from
direct contact between pilicide and FimC, make it difficult to
pinpoint the binding site(s) for the pilicides on the chaperone
directly from the observed 4-values displayed in Fig. 4. There
are, however, distinct differences between the pilicides in the
patterns of affected backbone amides, as well as in the magnitude
of these changes (the A4-values). In an attempt to locate
pilicide binding sites on FimC, a principal component analysis
(PCA)** was performed on the dataset presented in Fig. 4.
PCA is a projection method that reduces the dimensionality
of complex datasets by introducing latent variables, or principal
components, oriented in such a way that they describe the largest
variations within the dataset. The observations, in this case each
pilicide, are then projected on the principal components, giving
each observation a score-value for each principal component.
A score-plot where the scores for each observation are plotted
against the principal components gives a good overview of
structures, such as grouping of observations, within complex
datasets. The effect each original variable, in this case the
backbone amides in FimC, has on the principal components can
be deduced from a loading-plot, making it possible to interpret
the scores obtained for the observations, thereby tracing the
positions of the pilicides in the score-plot back to the perturbed
residues.

Fourteen of the variables were excluded prior to modeling
since they experienced zero or close to zero variance, resulting in
a total of 73 variables that were used to calculate the model. This
gave two principal components describing 78% of the variation
in the dataset. As can be seen in the score plot (Fig. 5a), the
pilicides can be divided into three groups, with pyridones 1, 3
and 4 (marked yellow) in one group and the remaining pyridones
2,5, 6 and 7 (marked red) in another group. Pilicide 9 (marked
cyan), which is a tyrosine derivative, is well separated from the
other compounds. Pilicide 10, the other tyrosine derivative, was
excluded from the PCA model since it gave rise to larger 4-values
than the included pilicides and would therefore have created a
biased model. Compound 10 is, however, located close to the
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Fig. 5 PCA of the observed chemical shift changes in FimC in the
presence of pilicides 1-7 or 9. (a) Score-plot. The three different groups
of pilicides are marked as cyan (9), yellow (1, 3 and 4) and red (2, 5,
6 and 7), respectively. (b) Loading-plot. The FimC residues with the
highest impact on the three groups seen in Fig. 5a are marked with the
corresponding colours.

structurally related pilicide 9 in a score-plot (data not shown)
and therefore interacts in a similar way with FimC as 9. The
separation of the groups marked red and yellow is retained when
excluding pilicide 9 from the PCA modelling, thus ruling out that
the grouping is induced by this single deviating observation. In
the loading plot (Fig. 5b), the FimC residues responsible for
the differentiation and grouping of the pilicides are marked,
using the same colour coding as in Fig. 5a. It is important
to note that the majority of the affected FimC residues are
positioned close to the origin in the loading plot. This indicates
that most of the observed chemical shift changes (Fig. 4) are
independent of pilicide structure and binding site. As discussed
above these chemical shift changes most likely originate from
reduced homodimerization of FimC, non-specific binding of the
pilicides to different parts of the subunit binding area of FimC,
or a combination of these two possibilities.

Mapping of the FimC residues that were found to differentiate
between the three groups of pilicides in the loading-plot onto the
structure of FimC, using the same colour coding as in Fig. 5b,
revealed three different sites on the chaperone surface that were
affected (Fig. 6). Chemical shift changes involving residues in the
cleft could be seen for pilicides 2, 5, 6 and 7. More specifically,
2 and 5 affect residues Arg8, Ilel11 and Lys112 (red), while 6
and 7 affect Ile111 and also Asnl91. It should be emphasized
that Arg8, Ilel11 and Lys112 were all strongly affected by the
PapG-peptide 11. Pilicides 1, 3 and 4 induced chemical shift
changes for residues Phe55, Ser92 and Met93 (yellow), whereas





Fig. 6 Mapping of the three different groups of residues involved in
binding to pilicides 1-7 and 9 on the three-dimensional structure of
FimC.* The colour coding is identical to that in Fig. 5b.

Ser29 (yellow) was only affected upon binding of 1 and 4. These
residues are all located on the face of the N-terminal domain
of FimC that is opposite to the pilus subunit binding site. No
changes are observed for these four residues upon addition of
peptide 11 (Fig. 4), confirming that pilicides 1, 3 and 4 populate
a novel binding site. Pilicide 9, as well as 10, induces chemical
shift changes for Lys95, Lys97, Asnl101, Leul03, GIn104 and
Alal06 (cyan), residues that are all located in the F1-G1 loop of
FimC and that are also affected by peptide 11. The remaining
amino acids located to the left of the origin in the loading-plot
(Fig. 5b), that were not considered to be part of the binding site
of 9 and 10 (cyan), belong to the F1-G1 loop or adjacent parts
of the N-terminal domain.

It is interesting to find that the three structurally different
types of pilicides investigated in this study, with one exception,
appear to bind to three different sites on FimC. Except for 2,
the disubstituted pyridones (1, 3 and 4) bind to the face of
the N-terminal domain of FimC that is opposite to the pilus
subunit binding site. The aminomethylated pyridones 5-7, and
disubstituted pyridone 2, prefer to bind in the cleft, i.e. the site
for which they were originally designed. Finally, amino acid
derivatives 9 and 10 have a preferred binding site in the F1-G1
loop of the N-terminal domain of FimC. As revealed by the
chemical shift mapping, all three types of pilicides also affect
FimC homodimerization and/or show binding to secondary
sites on FimC. It is easy to envision that pilicides binding to
the site in the cleft of FimC, or in the F1-G1 loop, would affect
homodimerization since these two sites are part of the interactive
surface of the homodimer.’**” In contrast, the site on the face
of the N-terminal domain is opposite to the surface involved in
homodimerization and could thus constitute an allosteric site
if binding to this site reduces homodimerization. Potentially,
binding to this allosteric site could reduce homodimerization by
influencing the flexible F1-G1 loop.

Competitive binding of pilicide and PapG peptide

Pilicides, such as the aminomethylated pyridones 5-7 and
disubstituted pyridone 2, that bind in the cleft of FimC should
compete with the C-terminal PapG peptide 11 at this site.
Aminomethylated pyridone 6 was selected for such a compe-
tition study. Upon addition of peptide 11 alone to a sample
of "N-labelled FimC, Arg8 undergoes a large shift, especially
in the "N-dimension (Fig. 7). A large number of other amino
acids, such as Thr7, Val9, Leul05, Ile111, Lys112, and Asn191
located in the cleft as well as the residues in the G1 B-strand, are
also significantly affected on addition of 11. Further addition
of pilicide 6 to this sample caused Arg8 to move back towards
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Fig. 7 Part of the "N-HSQC spectra, showing Arg8 in (i) "N-FimC
(red), (i) "N-FimC + one equivalent of PapG peptide 11 (blue), and (iii)
"N-FimC + one equivalent of 11 + ten equivalents of pilicide 6 (green).
Pilicide 6 competes with the peptide for the same binding site on FimC

since the amide-peak of Arg8 shifts towards its original location on
addition of 6.

its original position (Fig. 7). This is also the case for the other
residues mentioned above. Since addition of pilicide 6 alone to
FimC does not affect Arg8, it can safely be concluded that this
is an effect of reduced binding of peptide 11. Thus, pilicide 6 was
able to interfere with the binding of peptide 11 despite the fact
that 6 only has mM affinity for FimC. This observation provides
additional confirmation that aminomethylated pyridones such
as 6 bind in the cleft of FimC, just as deduced from the chemical
shift mapping study.

Correlation of pilicide binding site with biological data

It is of interest to correlate the information on the preferred
binding sites of different types of pilicides with the biological
activity of these pilicides. A reduction of the amount of pili
present on E. coli can be determined as a reduced ability of
pilicide treated E. coli to agglutinate human erythrocytes, i.e.
by using a hemagglutination assay. Since hemagglutination is
performed on intact E. coli, it must be borne in mind that
factors such as permeability and uptake may have an effect on
the results obtained in this assay. Therefore, it is also important
to attempt to find a correlation between the preferred binding
site of pilicides and data from a biochemical assay. Such data
may be obtained by studying the ability of pilicides to dissociate
the native, purified FimC-FimH complex in vitro.'® This assay
is based on the fact that the FimC-FimH complex, as well
as free FimC, is stable and can be separated and quantified
by fast-protein liquid chromatography (FPLC) after incubation
with a pilicide. FimH, in contrast, aggregates when dissociated
from FimC and is therefore easily separated from FimC and the
FimC-FimH complex with FPLC.

Pyridones that prefer to bind in the cleft, i.e. disubstituted
pyridone 2 and aminomethylated pyridones 5-7, are unable to
dissociate the FimC-FimH complex, or show only a minute
activity in this assay (Table 1). Still, some cleft-binders (e.g. 2
and 6) lead to significant reductions of pilus assembly in the
E. coli as revealed in the hemagglutination assay. It can thus
be assumed that the in vivo activity observed for pilicides 2
and 5-7 is a result of blocking the chaperone prior to subunit
binding in the cleft rather than disruption of FimC-FimH
complexes. This agrees well with the fact that the cleft of FimC is
inaccessible in the FimC-FimH complex. Initially, it may appear
surprising that compounds such as 2 and 5-7 that bind weakly
to chaperones are able to interfere with pilus assembly. However,
this may be understood from the recent finding that chaperones
such as FimC are involved in folding of pilus subunits."*" In
particular if the pilicides exert their effect by interfering with
one of the early steps in the protein folding pathway this could
compensate for their low affinity for FimC. As a consequence
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Table 1 Correlation of binding site with the biological activity of
pilicides 1-10, measured as their ability to prevent hemagglutination
(HA) and their potency in dissociation of the FimC-FimH complex
(CH-diss)

Pilicide HA“ CH-diss’ Binding site®

1 1 86 Face of N-term. domain
2 3 4 Cleft

3 5 13 Face of N-term. domain
4 — 66 Face of N-term. domain
5 5 0 Cleft

6 3 0 Cleft

7 4 0 Cleft

8 8 0 —

9 8 15 F1-G1 loop

10 8 8 F1-G1 loop

“ Hemagglutination was determined by addition of the pilicides to a
dilution series of E. coli strain NU14. The tabulated value refers to
the number of two-fold dilutions after which no hemagglutination
could be detected. Thus a low value reveals that the pilicide reduces
hemagglutination to a high extent (cf. the negative control 8 which has
a HA value of 8). ® Each pilicide was incubated with the FimC-FimH
complex for 1 h at 37 °C using a pilicide : FimC-FimH ratio of 150 :
1. The fraction of FimC-FimH complex that was dissociated was then
determined by FPLC. ¢ Residues in the binding site denoted “Face of N-
term domain” are marked yellow in Fig. 6. Those in the “Cleft” binding
site are red, and those in the “F1-G1 loop” site are blue. “ Not measured.
¢ Negative control. Does not bind to PapD or FimC according to surface
plasmon resonance studies. The same values for HA and CH-diss were
obtained in the absence of pilicide as in the presence of 8.

pilus subunits misfold and are directed towards pathways leading
to degradation, resulting in an overall reduction in the level
of pilus assembly. Future studies of the folding pathway of
subunits in the presence of pilicide could give support to this
hypothesis. Disubstituted pyridones 1 and 4, which bind to
the face of the N-terminal domain of FimC opposite to the
subunit binding site, show significant potency in the FimC-
FimH complex dissociation assay (Table 1). Incubation with
pilicide 1 also leads to a large reduction in pilus assembly, as
determined in the hemagglutination assay. In fact 1 is the most
potent pilicide in both assays, which may reflect the observation
that 1 binds approximately one order of magnitude stronger
to FimC than the other pyridone-based pilicides used in this
study. As discussed above, the binding site on the face of the N-
terminal domain of FimC may constitute an allosteric site which
influences the flexible F1-G1 loop. A reorientation of the F1-G1
loop, which is part of the pilus subunit binding site on FimC,
may thus interfere with the protein folding pathway of pilus
subunits, and reduce pilus assembly. As revealed by the potency
of pyridones 1 and 4 in the FimC-FimH complex dissociation
assay, binding to this site also appears to trigger release of pilus
subunits from the chaperone before these reach the usher, i.e.
the pilus assembly platform in the outer cell membrane of the
bacterium. Amino acid derivatives 9 and 10, which bind to the
F1-G1 loop of FimC, show only weak activity in the FimC—
FimH complex dissociation assay and do not reduce piliation,
as determined in the hemagglutination assay. The low potency
in the FimC-FimH complex dissociation assay may reflect the
affinity of these two pilicides for FimC, a value which could not
be determined by NMR spectroscopy. A low affinity for FimC,
and possibly also a low uptake into the bacterial periplasm, may
contribute to the lack of influence of 9 and 10 on pilus assembly,
as determined in the hemagglutination assay.

Conclusions

Compounds termed pilicides have earlier been shown to
bind to the periplasmic chaperones PapD and FimC from
uropathogenic E. coli using surface plasmon resonance and
YF NMR spectroscopy.’®®? In the present study, relaxation-
edited "H NMR spectroscopy was used to confirm the affinity
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of a selected set of pilicides for the PapD chaperone. Extension
of the relaxation edited experiments using spin lock times of
variable lengths enabled measurement of the effective transverse
relaxation rates of the pilicides in the presence of PapD. From
these data, the dissociation constants of the chaperone—pilicide
complexes were estimated to be in the mM range. Chemical
shift mapping using *N-labelled FimC was conducted to locate
the binding sites for pilicides on FimC. Through principal
component analysis of the chemical shift differences observed
for the backbone amide groups upon addition of pilicide, three
different interaction sites could be distinguished. One binding
site is located in the cleft between the two domains of FimC,
another one in the F1-G1 loop, and a third one on the face of
the N-terminal domain opposite to the pilus subunit binding site.
A large part of the observed chemical shift changes in FimC are
independent of the structure of the added pilicide and cover an
area that, in the closely related chaperone PapD, has been shown
to be involved in chaperone homodimerization. Measurement
of T, relaxation times for FimC in the presence and absence of
the C-terminal peptide from the PapG subunit suggested that
a small amount of homodimer is present for FimC as well. It
could thus be reasoned that a large part of the observed chemical
shift changes could be related to pilicide induced disruption
of FimC-FimC interactions, although it cannot be ruled out
that unspecific binding of pilicides occurs to the same area.
Correlation of the ability of pilicides to dissociate FimC-FimH
complexes in vitro, and their ability to reduce the amount of
pili formed by E. coli, with their preference for binding at the
three sites allowed us to speculate in their mode of action. We
propose that pilicides influence pilus formation in E. coli either
by binding in the cleft of the chaperone, or by influencing the
orientation of the flexible F1-G1 loop, both of which are part
of the surface by which the chaperone forms complexes with
pilus subunits. In addition, we suggest that both these modes
of action reduce pilus assembly by interfering with folding of
the pilus subunits, which takes place during formation of the
chaperone—subunit complexes. Finally, pilicides that influence
the F1-G1 loop also appear to reduce pilus formation through
their ability to dissociate native chaperone—subunit complexes.

Experimental

Expression and purification of FimC

E. coli strain BL21(DE3)pLys harbouring a modified pACA
plasmid was grown overnight on agar-plates at 37 °C. A culture
of M9 minimal media containing either "N-NH,CI (1 gL™!) or
both "N-NH,Cl and "*C-glucose (4 g L") was then inoculated
and the cells were grown at 37 °C until ODy,, 0.6 was reached.
The cells were then induced with IPTG, grown for 16 h at
23 °C and harvested. After centrifugation, the bacteria were
resuspended in Tris buffer (40 mL, 50 mM, 150 mM NaCl,
5 mM EDTA, pH 7.5). Polymyxin-B-sulfate (50 mg in 10 mL
of Tris buffer) was added and the suspension was stirred for
2 h at room temperature. The sample was centrifugated and
the supernatant (the periplasmic extract) was dialyzed against
Tris buffer (10 mM, pH 8.0). The sample was centrifugated
again before purification since a small amount of precipitation
was observed. Purification was performed on an AK TA-system
(Amersham Biosciences). The sample was first applied on a
DEAE column that was eluted with Tris buffer (10 mM, pH 8.0).
It was then applied to a CM column and the protein was eluted
with a linear NaCl gradient (0-0.5 M). The fractions were pooled
and dialyzed against phosphate buffer (50 mM, pH 5.9). All
media contained chloroamphenicol. The yield of purified FimC
was 8 mg L™ of bacterial culture.

NMR sample preparation and spectral processing

For the relaxation-edited spectra, each sample was prepared
from stock solutions of pilicide and 1-naphthyl acetic acid in





DMSO-d, that were added to a PapD solution in phosphate
buffer (50 mM, pH 5.9) to yield a final concentration of
PapD, 1-naphthyl acetic acid and pilicide of 95 uM. Additional
DMSO-d¢ was added so that the DMSO-d, content was 5%.
A 200 ms cpmg spin-lock was used to efficiently remove
the signals from PapD and bound pilicide. All spectra were
recorded at 25 °C on a Bruker DRX 400 MHz or a Bruker
AMX 500 MHz spectrometer. Processing was conducted in
XWINNMR (Bruker).

Triple-resonance experiments, and sensitivity improved gra-
dient selective "N-HSQC experiments for the chemical shift
mapping, were recorded on a Bruker DRX 600 MHz spec-
trometer equipped with a cryoprobe at 38 °C and pH 5.9.
The CBCA(CO)NH experiment was recorded with 91(z,) x
64(t,) x 1024(t;) complex points and the CBCANH experiment
with 50(¢;) x 48(t,) x 1024(t;) complex data points. The
concentration of pilicide and “N-labelled FimC was 0.1 mM in
the samples of pilicides 1-5 and 8-10. Spectra for 6 and 7 were
acquired with a pilicide and N-labelled FimC concentration
of 36 uM. In order to ensure full solubility of the pilicide,
DMSO-ds was added to the samples containing pilicides 1-4
and 8 to give a final content of 5%. Subsequently, three different
reference-spectra were recorded, one with 0.1 mM “N-labelled
FimC, the second one with 36 uM ""N-labelled FimC and a third
with 0.1 mM ""N-labelled FimC containing 5% DMSO-d,. All
N-HSQC experiments were recorded with 2048 data points in
t, and 512 increments in ¢,. Processing and peak picking were
performed in Felix (Accelrys Inc).

Estimation of K, of selected pilicides bound to PapD

The R, relaxation rates are obtained as a weighted average
between the values for the free ligand and the protein-ligand
complex and can be expressed as

Ryyps = PRy + PriRopy )

where R, is the observed relaxation rate, P, and R, are the
population of free pilicide and the relaxation rate of the free
pilicide, whereas Py, and R, are the population of the PapD—
ligand complex and the relaxation rate of the complex. R
can be approximated to the R, for free PapD due to the large
difference in molecular weight of PapD and the pilicides. R, for
the free pilicides, PapD and the complexes were all determined
by line fitting of eqn. (2) to the experimental data.

I=1Ie"™ 2

Ineqn. (2), I is the signal intensity of a certain resonance when
applying a cpmg spin lock of time 7, and /, is the signal intensity
att=0.

Ky, 1s defined as

Ky = [E][L}/[EL] )

Since a 1 : 1 ratio between pilicide and PapD was used, eqn. 3
can be rewritten as

Ky = (PL[Ll)])z/((l - PL)[L()]) (4)

where L, is the total pilicide concentration. The K|, values
were estimated from a single pilicide : PapD ratio of 1: 1.

Chemical shift mapping

The chemical shift mapping experiments were carried out as
follows: (i) a reference “N-HSQC spectrum of “N-labelled
FimC was acquired at 38 °C in buffered aqueous solution at
pH 5.9 followed by the corresponding spectrum after addition
of one equivalent of pilicide (samples contained DMSO-d, as
described above, ¢f. NMR sample preparation and spectral
processing); (ii) peak picking and assignment of '"H-'>N cross
peaks was performed in both spectra; (iii) a weighted average of
the chemical shift changes in both the 'H- and “N-dimension
for each backbone amide group was calculated according to

A= (("H; = "H,)* + 0.2%(5N; — 5N, )*)”?

where ' H; and ! H, are the chemical shifts for the amide proton
in its free and bound form, respectively. Likewise, * N and ° N,
are the chemical shifts for the amide nitrogen in its free and
bound form; (iv) residues having backbone amide groups that
were affected by the pilicides were plotted against the amino acid
sequence to get an overview of affected areas of the chaperone.
A-Values were subjected to principal component analysis (PCA)
in order to obtain a comprehensive overview of how the binding
of the different pilicides perturbed the chemical shifts of the
chaperone.

PCA

Principal component analysis was used to compress the dataset
consisting of 9 observations (pilicides 1-9) and 73 variables
(chemical shift changes for backbone amides). Simca-P+ v. 10.0
was used for the PCA-analysis.*” The variables were centred by
subtraction of their mean value before modelling. Eigenvalues
larger than 2 were used as a criterion for the number of significant
components. Two principal components were calculated with
eigenvalues of 3.71 and 2.56, respectively.

FimC-FimH complex dissociation assay

Pilicides 1-9, and peptide 10, were dissolved in a 1 : 4 mixture of
DMSO and MES buffer (20 mM, pH 6.8) to give a 4.8 mM
pilicide stock solution. The pilicide stock solution (200 pL)
was diluted with MES buffer (pH 5.8, 350 puL) and then a
solution of the FimC-FimH complex* in MES buffer (25 pL,
14.2 mg FimC-FimH complex mL") was added. This gave a
150 : 1 ratio between pilicide and the FimC-FimH complex.
Control solutions were prepared in the same manner, but
without pilicide. After incubation of the resulting solutions for
1 h at 37 °C, the amounts of the FimC-FimH complex and free
FimC were determined by cation exchange chromatography on
a Resource S column (1 mL) using an AKTA explorer FPLC
(Amersham-Pharmacia). This was done by injecting a sample
of the incubated solution (500 pL) on the column and eluting
with a gradient of 0-30% of B in A over 8 min (eluent A: 20 mM
MES buffer, pH 5.8. Eluent B: 20 mM MES buffer, pH 5.8,
containing 0.5 M NaCl. Flow rate of 1.5 mL min~"). The FimC-
FimH complex elutes at 40 mM NaCl and free FimC comes at
75 mM NaCl. Integration of peak areas was performed using
the AKTA Unicorn software. The dissociation of the FimC—
FimH complex was calculated by dividing the peak areas for the
FimC-FimH complex obtained in presence of a pilicide by that
of the control solution.

Hemagglutination assay

E. coli were grown statically for 48 hours and passaged for
another 48 hours of static growth in Luria Broth in the
presence of 3.6 mM pilicide. This preparation was then used
for determination of HA titers as described previously* using
guinea pig red blood cells.
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The asymmetric hydrogenation of aromatic and heteroaromatic compounds arguably presents one of the most
attractive methods for the synthesis of six-membered cyclic compounds. In recent years, a number of promising
stereoselective methods for the asymmetric hydrogenation of pyridines and related heterocycles have been reported.

Introduction

The asymmetric hydrogenation of unsaturated organic
molecules often presents one of the most efficient methods for
the preparation of enantiomerically pure organic compounds.
Catalysts for the enantioselective hydrogenation of many dif-
ferent classes of substrates like enamides, B-ketoesters, imines
or unfunctionalized olefins have been successfully developed.!
Many of these processes are characterized by extraordinarily
high levels of catalyst activity and selectivity and in the case of
some substrates enantioselectivities of above 99% have become
routine results. Still, the asymmetric hydrogenation of many
other substrate classes like aromatic compounds (Scheme 1) has
remained elusive.

The asymmetric hydrogenation of aromatics and heteroaro-
matics would lead to the formation of saturated cyclic com-
pounds. The hydrogenation of pyridines would be especially
important, since thousands of pyridine derivatives are commer-
cially available and countless methods exist for their preparation.
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Scheme 1 Asymmetric hydrogenation of aromatic compounds.

In addition, multiple stereocenters could be created in a single
step and the resulting enantiomerically pure piperidines® are
subunits of many biologically active compounds, even com-
mercialized compounds like the insect repellent Bayrepel® or
the drug Ritalin* for treatment of kids with attention-deficit-
hyperactivity-disorder (Fig. 1). Therefore, a general method
for the asymmetric hydrogenation of substituted pyridines and
other aromatic compounds according to Scheme 1 would be
highly desirable.

OH * HCI
H
Y
0 Me %
Bayrepel Methylphenidate Hydrochloride
(Autan) (Ritalin)

Fig. 1 Two chiral piperidines with distinct biological activity.

Partial hydrogenation of bicyclic heteroaromatic compounds

The enantioselective hydrogenation of 2-substituted quinoline
derivatives was recently reported by Zhou er al® and very
recently with a related ligand by Fan and Chan.® In addition,
methods for the partial hydrogenation of 2-methylquinoxaline’
and of 2-% and 3-substituted® indoles have been reported
resulting in the enantioselective formation of the corresponding
benzene derivatives (Scheme 2). Analysis of these three types
of substrate reveals striking similarities. In all cases, a benzene
ring is annulated to a heteroaromatic ring (pyrazine, pyridine,
pyrrole) resulting in a bicyclic heteroaromatic substrate. In these
systems, the aromatic stabilization of the heteroaromatic ring
is reduced, thus increasing the reactivity of these substrates
towards hydrogenation. Besides this very important reactivity
issue, selectivity is also affected by the benzene annulation. Com-
pared to the monocyclic heteroaromatic parent compounds, the
topology of these systems is changed. This seems to facilitate
the differentiation of the two enantiotopic faces by the catalyst.

However, these excellent results are rather special since the
substrate scope is limited to bicylic benzene derivatives. In
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Scheme 2 Enantioselective hydrogenations of bicyclic substrates.

addition, the vast potential of hydrogenations of aromatic
compounds to create multiple stereocenters is only barely
scratched upon in these examples. Only one® or two**” double
bonds are hydrogenated in these substrates, resulting in the
formation of a single stereocenter.

Asymmetric hydrogenation of pyridines

Success in the area of asymmetric pyridine hydrogenations has
been rather limited for a long time. The best results obtained for
pyridine hydrogenation, using a chiral homogeneous catalyst
(up to 25% ee),” a cinchona alkaloid modified heterogeneous
catalyst (up to 19% ee)® or employing auxiliary substituted
pyridines (up to 35% de)" were not sufficient (Scheme 3).'? In the
following, two recent reports on the asymmetric hydrogenation
of auxiliary-substituted pyridines'*!* will be discussed that may
eventually lead to more efficient catalytic methods.

Q _[RNBINAPIBF, _ Q

100 bar Hy, EtOH

CO,Et CO,E

25% ee, 96% vyield

O/COZEt

19% ee, 12% conversion

CO,Et Pd/IC
Dlhydrocmchonldlne

100 bar Hp, DMF

Q\Cone O\C()zl\/le
Rh/AI203
N ¢}
| 50 bar H,, EtOH
—
N Me
up to 35% de

Scheme 3 Former state of the art asymmetric pyridine hydrogenations.
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Asymmetric hydrogenation of auxiliary-substituted pyridines
with achiral heterogeneous catalysts

An efficient method for the hydrogenation of 2-auxiliary-
substituted pyridines using standard achiral heterogeneous
hydrogenation catalysts has recently been developed.” Many
attractive features arguably render this process to be one of the
most efficient applications of chiral auxiliaries reported to date.

First of all, substrates 2 can be readily synthesized from 2-
bromo- or chloropyridines and the oxazolidinone by copper
catalysis."*!* For the hydrogenation of 2, acetic acid was chosen
as a solvent. First, the acid protonates and thereby activates
the pyridine substrates. Second, it also protonates the piperidine
products thus binding the piperidine’s free electron pair and as a
consequence, suppressing the catalyst poisoning property of the
piperidines. The hydrogenation of 2-oxazolidinone-5-methyl-
substituted pyridine 2a with different heterogeneous catalysts
under a hydrogen atmosphere of 100 bar generally resulted
in the direct formation of (S)-3-methyl piperidine with high
enantiomeric excess. Platinum, rhodium and palladium based
catalysts resulted in complete conversion and high enantiomeric
excess, with PdA(OH),/C being the most selective one giving
a remarkable enantiomeric excess of 98% (Scheme 4).* This
method combines highly efficient chirality transfer and traceless
cleavage of the auxiliary under the same conditions.

(0]
i) 100 bar H, Me )N
e AcOH, Pd(OH),/C \Ej , HN” o

2
/ /[4 ii) HCI extraction \—/
H *HCl jpr

2a /F“r 3a 4
98% ee >99% ee
90% yield 93% yield

Scheme 4 Glorius’ asymmetric hydrogenation of a 2-oxazolidinone
substituted pyridine.

A simple purification procedure accompanies this chemical
transformation. Hydrochloric acid was added to the crude
reaction mixture, resulting in the formation of the corresponding
piperidinium hydrochloride salts. As the piperidines are no
longer volatile, acetic acid could be removed under reduced
pressure. Subsequently, the more soluble auxiliary was separated
from the less soluble piperidinium salt by simple extraction with
ether/hexane mixtures, allowing for its recovery.

Several substrates were successfully hydrogenated using this
stereoselective method (Scheme 5)."7 6-, 5- and 4-methyl sub-
stitution on the pyridine ring is well tolerated resulting in
high stereoselectivities. In the case of the 4-methyl substituted
substrate, standard conditions would lead to the formation of
the achiral 4-methyl piperidine. However, under a different set
of conditions using MeOH/HCI as the solvent and PtO, as
the catalyst, aminal 6a was formed with a dr of >95 : 5. Only
3-substitution of the pyridine ring presents a limitation. First,
the 3-methyl substituted substrate is much less reactive than the
regioisomeric pyridines. Second, using a more reactive catalyst
resulted in complete conversion, however, 3-methyl piperidine
was formed with a disappointingly low ee of 4%. It seems that
an unfavorable steric interaction between the 3-methyl group
and the auxiliary results in significant shielding of both n-faces
of the pyridine ring.

The efficacy of this novel pyridine hydrogenation was demon-
strated by some additional attractive features. A number of
functional groups are tolerated (3c,d) or can be selectively
transformed (3e). Furthermore, the simultaneous creation of
multiple stereocenters is realized. Up to four ring stereocenters
can be formed with excellent selectivities (3f,g,h). In the presence
of additives like acetaldehyde or acetic anhydride, an additional
transformation can be performed in the same step, giving
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Scheme 5 Optically active piperidine products.

(S)-N-ethyl 3-methyl piperidine in high yield and up to 95%
ee (not shown).

Finally, this new method was successfully applied to natural
product total synthesis (Fig. 2). Coniine, the poisonous alkaloid
of hemlock, was directly prepared by asymmetric hydrogenation
in 95% yield and 95% ee.”* In addition, (R)-6-piperidin-2-yl-
hexan-1-ol hydrochloride was prepared in 94% ee and skillfully
used by Firstner for the catalysis-based synthesis of the
spermidine alkaloid (—)-isooncinotine.'®

(+)-Coniine (95% ee) (-)-Isooncinotine (94% ee)

Fig. 2 Natural
hydrogenation.

products synthesized by asymmetric pyridine

A plausible mechanism for this stereoselective hydrogenation
is depicted in Scheme 6, accounting for the observed selectivities.
Protonation of the pyridine substrates under acidic conditions
results in the formation of a relatively flat compound 5, which
is rigidified by a strong H-bond between the pyridinium and
the oxazolidinone moiety. In this compound the R' group on
the oxazolidinon shields the top face whereas the bottom face
is accessible. Presumably, the unhindered n-face is adsorbed by
the catalyst and hydrogen atoms transferred stepwise to this
side, leading to the stereoselective formation of the aminal-type
structure 6. With the help of a free electron pair on the piperidine
nitrogen, this compound can disintegrate to iminium 7 and the
oxazolidinone 4. However, under strongly acidic conditions (us-
ing HCI) the piperidine nitrogen is protonated leading to a stable
compound that can be isolated. Using a weak acid-like acetic
acid, not all piperidines 6 are protonated in the equilibrium and
7 can be formed. This iminium might be in equilibrium with
the corresponding enaminium 8. Hydrogenation of the resulting
C=N or C=C-double bond would result in the formation of the
observed piperidine products.

It is important to note that the rather high hydrogen pressure
needed (100 bar) represents somewhat of a disadvantage for
technical application of this method. First attempts to lower
the hydrogen pressure significantly did not give satisfactory
results.

Asymmetric hydrogenation of auxiliary-substituted pyridines
with chiral homogeneous catalysts

An interesting activating and directing effect has previously
been observed by Legault and Charette in the regioselective
addition of Grignard reagents to substrates 10 (Scheme 7).
Complexation of the nucleophile by the NBz group enhances the
electrophilicity of the ring and the limited tether length promotes
the highly selective formation of the 1,2-addition adducts. The
rather unstable dihydropyridines were reduced in situ leading
to the tetrahydropyridine products 11. This selective addition
process was the root of a remarkable asymmetric pyridine
hydrogenation.

R* o R*
RS x R? J\ RS R?
— ‘ I /rz 1) H,, AcOH, catalyst HN\ (o) w
i LR T
R TNT O TNT N 2)Hel S R N
L___/ R! H = HCI
2 R 4 3
H* ‘ H., catalyst
R¢ R R
RE R RS, R® R R RS R
— | =R R! H,, catalyst R! L
R® N 6 + R® N/ RS N
! N N
+ % H, H+ H
4~ 0 )\o
5 6 7 8

Scheme 6 Mechanistic proposal for asymmetric hydrogenation of 2-oxazolidinone substituted pyridines 2.
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Scheme 7 Complexation promoted addition of Grignard reagents.

Using an Ir-BINAP catalyst, the Charette group made the
interesting finding that of the different pyridine type sub-
strates shown in Fig. 3 only N-iminopyridinium ylide 10 is
hydrogenated.' Based on this result an exciting enantioselective
hydrogenation of substrates 10 was developed, in which the
benzoylimino group (NBz) obviously acts as an activating

achiral auxiliary (Scheme 8).
B B B B
~ ~ ~ —

N Me + ITJ R + l?l Me +l‘\l Me

NB 0 Bn Br

- NBz -
9a 10 12 13

Fig. 3 Pyridine-type substrates.

Optimization of the asymmetric hydrogenation of substrates
10 to piperidine derivatives 14 revealed a number of interesting
facts. First of all, iridium complexes were found to be best suited
for this reaction, whereas other metal complexes were inactive,
like [Rh(COD)CI],, or not as active. Secondly, the use of catalytic
amounts of iodine is very important for achieving high yields.
Interestingly, the same observation has been made by Zhou in
the quinoline hydrogenations (Scheme 2).° Presumably, iodine
helps in the conversion of an Ir(1) to a catalytically active Ir(11r)
species.?

In analogy to iridium catalyzed olefin or imine hydrogena-
tions, the non-coordinating tetrakis(3,5-bis(trifluoromethyl)-
phenyl)borate (BArF) was found to be the best counterion.
Furthermore, many chiral ligands were screened and the highest
enantioselectivities were obtained with iridium complexes of
phosphinooxazolines® like 16 (Fig. 4).

Il % FsC CF,
FaC CFs

Fig.4 Most selective catalyst 16.

1) THF, H,0, 40 °C

Table 1 Hydrogenation of N-benzoyliminopyridinium ylides

Entry R Yield 14 (%)*  ee 14 (%)*  Products
1 2-Me 98 90 14a
2 2-Et 96 83 14b
3 2-nPr 98 84 14c
4 2-Bn 97 58 14d
5 2-CH,0Bn 85 76 14e
6 2-(CH,),OBn 88 88 14f
7 2,3-Me, 91[>95:5] 54 14g
8 2,5-Me, 92 [57 : 43] 86: 84 14h, 14

“ Diastereomeric ratios are shown in brackets. > Determined by HPLC.

Considering the stability of aromatic compounds, it is rather
counterintuitive that their hydrogenations can stop at intermedi-
ate stages, leading to the formation of partially reduced products.
Intriguingly, even though the conversions of substrates 10 were
complete, in some cases, tetrahydropyridines were formed in
small amounts. Therefore, a hydrogenation of the crude reaction
mixtures over Pd/C was advantageous.

Charette’s method is best suited for enantioselective hydro-
genation of 2-substituted N-benzoyliminopyridinium ylides 10
giving good enantioselectivities for a variety of substrates (Ta-
ble 1). Even though the enantioselectivities are generally below
90% this process represents a breakthrough since comparable
methods give much lower selectivities (Scheme 3). Moreover, it
was demonstrated that the optical purity of the resulting N-
benzamide substituted piperidines 13 can be readily improved
by a single recrystallization from EtOAc (97% ee for 14a),
significantly increasing the attractiveness of this process.

The use of doubly substituted substrates results in the
formation of two new stereocenters, however, with somewhat
lower selectivity (entries 7, 8). 3-Substitution appears to present a
limitation of this method since low yields and enantioselectivities
were obtained for the 3-methyl-substituted pyridinium ylide (not
shown).

The usefulness of an auxiliary-based method strongly depends
on the ease of introduction and removal of the auxiliary. In this
case, the pyridinium ylides can be readily prepared from the
corresponding pyridines by a one-pot amination/benzoylation
procedure. In addition, the hydrogenation adducts can easily
be converted to the piperidine derivatives 15 by a high yielding
N-N bond cleavage using Raney nickel or lithium in ammonia
(Scheme 8).

Conclusion

To date, no satisfactory method for the catalytic asymmetric
hydrogenation of unmodified aromatic substrates exists. The
developments discussed in this article are promising and should
be stimulating for further research. However, it is especially
important to point out that these methods are still rather limited.
Understanding the underlying principles of these reactions
might eventually lead to general asymmetric hydrogenation
methods for aromatic compounds.

O,N
H,oN
\0 NO, Catalyst 16 (2 mol%)
S I> (2 mol%), Hx (28 bar) Raney nickel
‘ j\ 2) NaOH, BzClI | toluene, rt, 6h or Li/NH3 O
o s - ”
N R 76-98% ‘ '}' R (for details see Table 1) 'Tj R > 85% N~ "R
~ NBz NHBz H
9 10 14 15

Scheme 8 Charette’s enantioselective hydrogenation of N-iminopyridinium ylides.
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A single electron transfer (SET) takes place from tributylphosphine (1a) to 1-alkyl-1’-methylviologens in acetonitrile
containing a large amount of methanol under an argon atmosphere. In contrast, no SET takes place from 1a to
viologens whose alkyl groups on the nitrogens are larger than the methyl group under the same conditions, 1a instead
nucleophilically attacking the viologen to form a covalent adduct. This dramatic substituent effect is discussed in
terms of SET occurring within a tight encounter complex formed between the phosphine and the viologen.

Introduction

Trivalent phosphorus compounds Z;P act as an electron donor
toward electron-deficient compounds.! We have examined the
mechanism of single electron transfer (SET) from Z;P to many
types of acceptors based on their kinetics and product analysis.®
During these studies, we have obtained evidence that SET from
Z:P to an acceptor takes place via a tight encounter complex
formed between the former and the latter.” This mechanism is in
contrast to that for SET from amine counterparts, which takes
place in an outer-sphere manner.*® To confirm our proposed
mechanism, it is essential to detect the encounter complex.
Indeed, an encounter complex has been spectrophotometrically
observed during the electron self-exchange between TCNQ or
TCNE and its anion radical’® or between phenothiazine and
its cation radical;'® the encounter complexes absorb light in
the near-infrared region.”” In SET from Z;P, unfortunately,
no spectroscopic evidence for the formation of the encounter
complex has been obtained, but the complex should be able to
be “seen” if it is so tight that a steric effect by either the Z;P or
an acceptor is operative and affects the reaction pathway.
1,1’-Dialkyl-4,4'-bipyridinium dications (viologens) undergo
a one-electron reduction with various types of electron donors
to bring about a large spectral change; the resulting viologen
radical cations exhibit characteristic UV-visible absorption
spectra with A, ca. 600 nm.""*® This feature in the spectral
change of viologens upon their reduction makes this family of
compounds a useful tool for kinetic studies."*” We previously
carried out the reaction of tributylphosphine (la) with 1,1'-
dimethyl-4,4'-bipyridinium tetrafluoroborate (methylviologen)
(2a) in acetonitrile containing a large amount of methanol to
find that the SET from 1a to 2a easily takes place.”® A kinetic
study of this reaction in the presence of various nucleophiles such
as alcohols or thiols made it possible to evaluate the reactivity
of the tributylphosphine radical cation generated through the
SET toward nucleophiles. This reaction system might also be
useful to examine the steric effect on the SET from Z,P, because
steric congestion during the reaction can be tuned by varying the
alkyl groups on the nitrogens in viologen 2. We then examined
the reaction of 1a with viologens having various alkyl groups on
the nitrogens (Scheme 1). When 1a was reacted with 1-alkyl-
I’-methyl-4,4 -bipyridinium tetrafluoroborate (alkylmethylvio-
logen) (2b—e), in which one methyl group in 2a is substituted
by another alkyl group, under an argon atmosphere, the SET
from the former to the latter took place as with 2a (Scheme 2).*
Substitution of both methyl groups in 2a by other alkyl groups
caused a dramatic change in the reaction pathway. Thus, when 1a
was reacted with viologens 2f-k that bear N-alkyl substituents

i
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in MeCN:MeOH = 1:1 (V)

g N
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1a 2
R R2

2a Me Me
b Me Et
c Me PY
d Me PhCH,
e Me PhCH,CH,
f Et Et
g Et PY
h Et PhCH»
i Et PhCH2CH,
i n-Heptyl n-Heptyl
k PhCH,CH, PhCHCHy

Scheme 1

larger than a methyl group, no SET but another reaction took
place. NMR and MS spectral analyses of the product strongly
suggest that 1a nucleophilically attacks 2f-k to form a covalent
adduct in these cases (Scheme 2).

This dramatic effect by the N-alkyl groups in 2 in determining
the reaction pathway is interpreted in the term of the tight
encounter complex formed between 1a and 2 prior to SET.

Results and discussion

Reaction of tributylphosphine (1a) with viologen 2a-e under an
argon atmosphere

Tributylphosphine (1a) was reacted with alkylmethylviologen
2a-e (R' = Me, R? = alkyl) in acetonitrile containing a large
excess of methanol (MeCN : MeOH = 1 : 1 (v/v)) under an
argon atmosphere at 45 °C. The reaction resulted in the gradual
appearance of the absorption around A, ca. 600 nm (Fig. 1),
which is characteristic of the radical cation of 2 (3).1>14181°
Clearly, upon the reaction of la with 2a—e, a single electron
transfer (SET) takes place from the former to the latter, which
also gives the tributylphosphine radical cation 1a’* from 1a. In
fact, our previous study based on 'H and *'P NMR and GC-
MS spectroscopies has shown that the reaction of 1a with 2a
under these conditions produces tributylphosphine oxide (4a);
the formation of 4a is evidence for the generation of la'*."®
Although a comparison of the half-wave potentials of 1a and
2 predicts a high endothermicity for the SET from 1a to 2,

This journal is © The Royal Society of Chemistry 2005
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Fig. 1 Spectral change in the reaction of 1a (0.15 ml dm—) with 2a
(2.0 x 107* ml dm~?) in MeCN : MeOH (1 : 1 (v/v)) under an argon
atmosphere at 45 °C. Time interval: 8 min.

SET
1 + 2 === [1++2] == [1"e3] =—= 17" + 3
encounter- +
complex +MeOH | -H
1°-OMe —=> 4
Scheme 3

the process is driven by a follow-up reaction of the resulting
phosphine radical cation 1a** with methanol (Scheme 3).

Reaction of 1a with 2a—e in the air

The aerobic conditions dramatically altered the reaction path-
way. When the reaction of 1a with 2a—e was carried out in air
under otherwise identical conditions, the absorption spectrum
at L., ca. 400 nm appeared without giving the absorption of the
radical cation 3 (Fig. 2), indicating that a reaction other than
the SET takes place in this case.

Absorbance

Wavelength / nm

Fig. 2 Spectral change in the reaction of 1a (0.15 ml dm~*) with 2a
(2.0 x 10™* ml dm~?) in MeCN : MeOH (1 : 1(v/v)) in the air at
45 °C. Time interval: 8 min.

The kinetics for the reactions of 1a with 2a—c was carried out
in acetonitrile containing a large excess of methanol (MeCN :

Table 1 Second-order rate constants k, for the reaction of tributylphos-
phine (1a) with viologens (2)*

Run Viologen (2) Atmosphere ky/dm® mol~'s™!
1 2a Air 3.3 x 1073
2 2b Air 1.4 x 1073
3 2c Air 1.5x 1073
4 2¢ 0, 1.7 x 1073
5 2f Ar 1.1 x 1073
6 2f 0, 1.8 x 1073
7 21 Ar 1.2 x 1073
8 2i Ar 0.95 x 107}
9 2j Ar 0.81 x 107*

10 2j 0O, 1.3 x 1073

11 2k Ar 1.0 x 1073

“In MeCN : MeOH = 1:1 (v/v) at 45 °C. [1a], = 7.5 x 1072-1.5 x
107" mol dm—, [2], = 2.0 x 10~* mol dm™. ® Br~ salt.

MeOH = 1:1(v/v)) under pseudo-first-order conditions with 1a
being in large excess in air. The growth of the absorbance around
400 nm was monitored on a UV-vis spectrophotometer to
follow the reaction. A linear correlation between the logarithm
of the absorbance and time persisted up to nearly two half-
lives, from which the pseudo-first-order rate constants k., were
determined.”® Experiments that varied the concentration of 1a
(7.5 x 10>-1.5 x 107" ml dm~*) gave a linear correlation
between k., and the initial concentration of 1a, showing second-
order kinetics with first-order with respect to each of the
concentrations of la and 2, respectively. Table 1 summarizes
the second-order rate constants k,.

Reaction of 1a with viologen 2f—k

Tributylphosphine 1a was reacted with viologens that have no
methyl substituent on the nitrogens, 2f-k (R' # Me, R? # Me),
under an argon atmosphere. Interestingly, no absorption around
600 nm was observed even under an argon atmosphere, showing
that no SET takes place from 1a to 2f-k. Instead, the absorption
was observed around 400 nm that is similar to those observed in
the reactions of 1a with 2a—e under the aerobic conditions. As
an example, the spectral change in the reaction with 2f under an
argon atmosphere is shown in Fig. 3.

35

Absorbance

Wavelength / nm

Fig. 3 Spectral change in the reaction of 1a (0.15 ml dm~) with 2f
(2.0 x 10* ml dm~?) in MeCN : MeOH (1 : 1(v/v)) under an argon
atmosphere at 45 °C. Time interval: 8 min.
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The kinetics for the reactions of 1a with 2f,i,j,k were carried
out under an argon atmosphere. The conditions as well as the
measurement procedure were the same as those for the reactions
with 2a in air (vide supra). The results are summarized in Table 1,
which shows that the substituents of the nitrogens have little
effect on the reaction rate.

Identification of the products that have 4,,,, around 400 nm

The similarity in the UV-vis spectra shown in Fig. 2 and 3
guarantees that the products from the reaction with 2a—e in the
air and from the reaction with 2f-k under an argon atmosphere
results from the same type of reaction. To find what type of
reaction took place, we carried out the reaction of la with
2a under the aerobic conditions on a larger scale. The oily
material resulting from the reaction gave almost the same UV-vis
spectrum as that observed for the small-scale reaction mentioned
above. This material was then analyzed by FAB-MS. A fragment
appeared at m/z 400 with a high intensity, which certainly results
from the product of the reaction under discussion because the
reaction of 1a with methylviologen having perdeuterated methyl
groups 2a-d, gave a major fragment at m/z 406.>' The exact mass
number was determined by high-resolution FAB-MS to be m/z
400.2994, representing the composition of C,sH, N,P*

The oily material resulting from the reaction of la with
2a under aerobic conditions was further analyzed by NMR
spectroscopy. On the '"H NMR spectrum, two doublets were
observed at low field (7.80 and 8.82 ppm, J = ca. 6 Hz),
indicating that one of the rings of 2a is intact. The P NMR
signal appeared at 31.9 ppm,? suggesting that the product has
a phosphonium center.?* The products from the reaction of 1a
with 2f were also analyzed by NMR spectroscopy in a similar
way, giving analogous results.

The NMR analyses of the product strongly suggest the
nucleophilic attack by 1a on the pyridine ring of 2a. Thus, the
attack would occur on C-2 in 2a to afford the phosphonium
5, which is easily converted to the ylide 6 under the conditions
where 1a can act as a base.” The ylide 6 attacks methanol existing
in a large amount, which could explain the formation of the
“C,s” product that has been predicted by high-resolution FAB-
MS (Scheme 4).%¢ Further attempts to isolate the product failed,
either due to many by-products formed during the prolonged
reaction period or due to instability of the product, preventing
complete identification of the product. Nevertheless, we are con-
vinced that the initial event of the reaction under consideration
is the nucleophilic attack by 1a on one of pyridinium rings of
2a.

PBu + PBuj
1a3 BU3P V/
| H
N\ N\ 724
HaC—N* SN-CH; — § N—CHj
2a 5
+ +
BusP = cH,0H BUsR oy,
— +{ ‘N-cH, — 7 N-chy
6 7
Scheme 4

An argument may be made that the reaction we observed
is the Hoffmann degradation, which can, in principle, take
place for the viologens that have N-alkyl substituents with B-
hydrogen(s), namely the viologens 2f—k. However, in all reactions
with 2f-k, the resulting UV-vis spectra are not the same as
what is expected for the Hoffmann degradation products (e.g.,
4,4 -dipyridine). Especially, styrene, which would be formed
in the Hoffmann degradation of 2k, was not detected on the
GC for the reaction with 2k. In addition, while the Hoffmann
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degradation requires only one N-alkyl group with B-hydrogen(s),
the alkylmethylviologens 2b—e prefer the SET under an argon
atmosphere. Most importantly, methylviologen 2a (R' = R? =
Me), which cannot be subjected to the Hoffmann degradation,
undergoes this type of reaction with la under the aerobic
conditions.

Dichotomy in the reactivity of 1a toward 2

A prominent finding in this study is the dramatic effect of the
N-alkyl substituents in 2 on the reaction pathway. Phosphine 1a
undergoes either SET or nucleophilic attack upon the reaction
with the viologens 2 depending on the alkyl substituents in 2.
Table 2 summarizes the reaction types occurring between 1 and
2 under the given conditions. Viologen with at least one methyl
substituent on the nitrogen undergoes the SET from 1a under
an argon atmosphere, whereas viologen with two substituents
larger than a methyl group undergoes the nucleophilic attack by
1a irrespective of the atmosphere. Under the aerobic conditions,
the nucleophilic reaction is always observed.

A closer examination of Fig. 2 and 3 shows a slight increase
in the absorption around 600 nm, indicating that the SET from
1a to 2 could always competitively take place, even though
in a small portion. That is, the rate constants &, reported in
Table 1 are upper limits of the rate constants for the nucleophilic
reaction. Although it is highly difficult to independently evaluate
the constants for the nucleophilic reaction, the rate of the
nucleophilic attack may be compared with that of the SET. The
second-order rate constants for the SET from 1a to 2a—e have
been reported to be on the order of 10~ dm?® mol~! s~!, which
are one-order higher than the rate constants for the nucleophilic
reaction listed in Table 1. For example, 2a undergoes the
nucleophilic reaction under aerobic conditions with k, = 3.3 x
10~ dm® mol~'s™! (run 1 in Table 1), which is ten times slower
than the reported rate constant of the SET occurring under an
argon atmosphere.'® In other words, if the conditions allow 2 to
undergo SET, the SET would be significantly preferable to the
nucleophilic reaction.

We have proposed that SET from trivalent phosphorus
compound Z;P to an acceptor takes place within an encounter
complex (Scheme 3).” The fact that the SET in the present
reaction is completely inhibited by alkyl groups larger than the
methyl group confirms the indispensability of a tight encounter
complex for the SET from 1a to 2 to occur. When the viologen
2 bears two substituents larger than the methyl group on the
nitrogens, 1la cannot approach 2 within an effective distance
for SET, resulting in the nucleophilic reaction. Kochi and
co-workers have acknowledged the importance of the steric
hindrance between a donor and an acceptor to determine the
mechanism of SET.?* They showed that SET from arenes to
quinones takes place via an inner-sphere mechanism when the
arenes have methyl substituents, and, on the other hand, via
an outer-sphere mechanism when the arenes have larger alkyl
substituents such as ethyl or z-butyl substituents.”’

The steric effect by alkyl groups observed in the present study
further suggests that the horizontal approach of la toward
the pyridinium ring of 2 is preferable. The approach in this
way may be favored by the p,—d, overlap as in the reaction
of chlorophosphates with pyridines.” Simon and co-workers
have pointed out that kinetics of SET between chlorine oxide
and benzenes is affected by a direction in which a donor
approaches an acceptor.® It has also been argued that the
orientation between a donor and an acceptor is important for
determining which reaction, SET or the nucleophilic reaction,
is preferred for the reaction between the ketyl radical anion and
alkyl halide.’"** Experimental evidence for such an orientational
effect has been obtained by examining the product distribution
in the intramolecular reactions of the radical anions [Ar—-CO-
(CH,),~ X~ (n=2-4).34%





Table 2 Reaction type occurring between 1 and 2*

Run Z;P() Viologen (2) R'in2 R?in2 Atmosphere? Reaction type*
1 Bu,P (1a) 2a Me Me Ar SET
2 2a Me Me air Nu
3 2b Me Et Ar SET
4 2b Me Et air Nu
5 2c Me Pr! Ar SET
6 2¢ Me Pr air Nu
7 2¢ Me Pr 0O, Nu
8 2d Me PhCH, Ar SET
9 2e Me PhCH,CH, Ar SET
10 2f Et Et Ar Nu
11 21 Et Et Ar Nu
12 2g Et Pr Ar Nu
13 2h Et PhCH, Ar Nu
14 2i Et PhCH,CH, Ar Nu
15 2j Heptyl Heptyl Ar Nu
16 2k PhCH,CH, PhCH,CH, Ar Nu
17 Bu';P (1b) 2a Me Me Ar Nu
18 2a Me Me air Nu
19 2f Et Et Ar No reaction

“In MeCN:MeOH =1:1(v/v)at45°C.[1], = 1.5 x 107" mol dm~3, [2], = 2.0 x 10~* mol dm~*. Viologens are BF,~ salts unless otherwise indicated.
® Ar denotes argon. ¢ SET and Nu denote single electron transfer from 1 to 2 and nucleophilic attack by 1 on 2, respectively. ¢ Br~ salt.

Triisobutylphosphine (1b), which has bulkier ligands than 1a
on the phosphorus, affords another support for the important
role of the steric bulk in the present study. As seen in runs
17 and 18 in Table 2, no SET from 1b to 2a takes place,
instead 1b undergoing the nucleophilic reaction, even though
the driving force AG for the SET from 1b to 2a is only 1.9 kJ
unfavorable relative to AG for the SET from 1a. Meanwhile,
when reacted with 2f, the steric bulk of 1b works to suppress the
nucleophilic reaction (Table 2, run 19). The steric effect on the
nucleophilic attack is very subtle. It has been shown that the rate
of nucleophilic attack by alkyl diphenylphosphinites (Ph,POR)
on C-10 of the 1-methylacridinium cation is governed by the
bulkiness of the alkyl group R.%¢

Experimental
Materials

Tributylphosphine 1a (Tokyo Chemical Industry Ltd.) and
triisobutylphosphine 1b (Aldrich) were purchased. The violo-
gens 2 were synthesized by the reaction of the alkyl halide
with 4,4 -bipyridine.”” The resulting materials were treated with
AgBF, solution in methanol to exchange the counter anion.
The obtained tetrafluoroborate salts were recrystallized from
methanol.

Instruments

UV-vis spectra were recorded using a Hitachi U-3210 spec-
trophotometer. The 'H NMR (300 MHz) and *P NMR
(121 MHz) spectra were measured in CDCl; using a JEOL JNM
AL-300 spectrometer at room temperature. The mass spectra
were obtained using a JEOL JMS-700 spectrometer.

Product Analysis

Phosphine 1 (0.15 ml dm~*) was mixed with viologen 2 (2.0 x
10* ml dm™) in a UV cell and then allowed to react in
acetonitrile containing a large excess of methanol (MeCN
: MeOH =1 : 1 (v/v)) at 45 °C ecither under an argon
atmosphere or in air. The progress of the reaction was followed
by periodically monitoring the absorption spectrum using a
spectrophotometer. For the NMR and FAB-MS spectroscopies,
the reaction was carried out on a larger scale as described below:
Into 300 ml of acetonitrile-methanol (1 : 1 (v/v)) was dissolved
1.5 mmol (0.54 g) of 2a and then 4.5 mmol (1.1 ml) of 1a was

added. The mixture was stirred for 2 d in air at room temperature
and concentrated in vacuo. The residue was washed with hexane
to give a brown solid, which was extracted with dichloromethane
and concentrated in vacuo to give a brown oil (0.21 g). This oily
product was analyzed by UV-vis spectrophotometry as well as
by '"H NMR, *'P NMR, and FAB-MS spectroscopies.

Kinetics

Viologen 2 was dissolved in acetonitrile containing a large excess
of methanol (MeCN : MeOH = 1 : 1 (v/v)) in order that the
concentration was 2.0 x 10~ ml dm™3. A 3-ml portion of the
solution of 2 was put in a quartz cell. The cell was kept in a
compartment of the UV-vis spectrophotometer maintained at
45 °C. An appropriate amount of 1a was added to the cell as a
neat material. The increase in the absorption at the appropriate
wavelength was monitored by the spectrophotometer.
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An efficient synthesis of the lactam core of pseurotin A has been accomplished. Key features of this synthesis include
a tandem oxidation—cyclization to form the lactam from an acetylenic amide precursor. Although coupling of a
lactam aldehyde with an appropriate side chain was not effective, it is anticipated that incorporating a partial side
chain at an earlier stage should permit completion of the total synthesis of pseurotin A.

Introduction

Chitin-poly-B-(1,4)-GIcNAc is an essential component of the
cell wall of virtually all infectious fungi.! As this polymer is
absent in humans, the enzyme responsible for chitin biosynthesis
(chitin synthase, CS) is an appealing therapeutic target. Despite
this, little progress has been made in the development of chitin
synthase inhibitors. The most extensively studied naturally
occurring inhibitors are the polyoxins and nikkomycins,? which
share as a common structural feature a ribosyl amino acid core.
While these are among the most potent known inhibitors of
CS, they have proven ineffective in vivo. A handful of other
natural products are also known to be competitive inhibitors
of CS. Among the most potent is pseurotin A (Fig. 1),
which is notably distinct in structure from the polyoxins and
nikkomycins, and we undertook the synthesis of pseurotin A as
part of our broader program in chitin synthase inhibition.?

synerazol

Fig. 1 Pseurotin A and related natural products. (Asterisks denote
stereocenters of unknown configuration.)

Pseurotin A was first isolated from cultures of Pseudeurotium
ovalis ssp. in 1976 and its structure was elucidated by Tamm
et al. in 1981.* Pseurotin A, 8-O-desmethylpseurotin A and
three structurally related molecules, azaspirene, and synerazol
and FD-839, have subsequently been isolated from cultures
of Aspergillus fumigatus ssp. It was discovered in 1993 that
pseurotin A is a competitive inhibitor of chitin synthase,® as
well as an apomorphine antagonist,® and in 1996 it was found
to induce the proliferation of nerve cells.” Azaspirene has since
been shown to inhibit angiogenesis,® while synerazol and FD-
839 exhibit antifungal antibiotic activity;>** FD-839 is also
reported to inhibit growth in leukemia cell cultures. In addition
to this remarkable range of biological activities, these molecules

+ Present address: Organisch-chemisches Institut, Universitit Ziirich,
Winterthurerstrasse 190, 8057 Ziirich.
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possess as a common structural feature a unique and highly
functionalized heterospirocyclic framework containing an N-
acyl hemiaminal and three contiguous stereogenic centers, one
of them quaternary. Pseurotin A and related natural products
are thus both challenging and important synthetic targets.

Tamm et al. have previously reported efforts directed to the
synthesis of pseurotin A, and recently Tadano et al and
Hayashi et al. published the first total syntheses of pseurotin
A" We report here our synthetic studies on pseurotin A
(developed concurrently with Tadano’s and Hayashi’s work)'
which culminate in the synthesis of a highly functionalized
lactam precursor to pseurotin A.

Results and discussion
Retrosynthesis and synthetic overview

Retrosynthetic analysis (Scheme 1) was based on the precedent
for the formation of 2H-furan-3-ones from acyclic precursors
(e.g., B—>A)." Unraveling of the left-hand ring required a -
diketone (B) as a precursor, which was anticipated to arise from
the corresponding B-hydroxyketone, in turn derived from an
aldol-type coupling of an aldehyde-bearing lactam (C) and an
ethyl ketone (D). This disconnection is distinct from those previ-
ously reported,'™** all of which relied on an ethyl-ketone bearing-
lactam or lactone being coupled with an aldehyde (Scheme 2).
In principle this disconnection allows for a more convergent
synthesis of pseurotin A, although in practice it proved to
be a liability (vide infra). Lactam C was anticipated to arise
from an unprecedented intramolecular cyclization of a primary
amide onto an o-dicarbonyl (E) generated in situ via oxidation
of an alkyne (F). The required alkyne-containing amide (F)
could potentially be prepared via the desymmetrization of an
equivalent of tetraol G (rather than drawing from the chiral
pool), which was expected to derive from a simple alkene
precursor, H.

Synthesis of the lactam core

Synthesis commenced with conversion of commercially avail-
able 1-chloro-2-chloromethyl-2-propene to the corresponding
bisbenzoate (H— 1, Scheme 3). Dihydroxylation under standard
conditions afforded diol 2, which was subsequently protected
as the 4-phenylcyclohexylidene acetal (3), obtained as an
inseparable and essentially indistinguishable pair of achiral
diastereomers. (This acetal was chosen for its UV activity,
in order to facilitate HPLC analysis and chromatographic
isolation.) Benzoate cleavage produced diol 4, again as an
indistinguishable mixture of diastereomers.

Direct silylation of 4 provided the corresponding TBS ether in
modest yield (42%; 83% based on recovered starting material).

This journal is © The Royal Society of Chemistry 2005
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Scheme 3  Synthesis of the fully differentiated tetraol 5.

Oversilylation was surprisingly facile, and it proved simplest,
operationally, to run the reaction to partial conversion and
separate the desired monosilylated product from remaining
starting material. Differentiation of the diol could also be
effected in 73% overall yield by sequential monoacylation (Ac,O,
pyridine, quant.), silylation (TBSOTTf, NEt,, CH,Cl,, 99%) and
deacylation (CH;O"Na*, CH;OH, 73%). Preliminary studies
on the enantioselective desymmetrization of 4 by enzymatic
acylation have identified conditions for the selective preparation

of either enantiomer of the monoacyl derivative of 4. In
principle this allows for the enantioselective preparation of 5,
although this has not been further developed. With convenient
differentiation of diol 4 established, installation of the pheny-
lacetylene fragment was undertaken.

Swern oxidation of alcohol 5 (Scheme 4) provided aldehyde 6
and set the stage for diastereoselective phenylacetylide addition.
All attempts led to the formation of 7 as a separable mixture
of diastercomers at the new stercocenter, slightly favoring the
undesired diastereomer."” The diastereoselectivity varied from
1:15to1:2, depending on the solvent (THF vs. Et,0,
e.g.), counterion (Li* vs. Na*, e.g.) and presence of additive
(TMEDA, EtAICl,, DMPU, efc.). Aldehyde 6 failed to react
under Carreira’s conditions for asymmetric acetylide addition.™®

Ph
(COCI),, DMSO; NEt; Ph——1Li
5
CHoCly, -78 °C d Q OTBS  1hr RT, 81%
to RT, 949
O RT, 94% CHO
6
Ph Ph
o OTBS o OTBS
o o
— ph — Ph
HO o
7a,b 8

1:1.5 mixture of diastereomers

Scheme 4 Synthesis of propargylic alcohol 7.

Enantioselective reduction of the corresponding propargylic
ketone (8) was also explored. Among the numerous potentially
selective reductions studied were those employing (ipc),BH and
chiral oxazaborolidine reagents.’**® The selectivity with these
and other chiral reducing agents was not significantly better
than that of the acetylide addition, although the oxidation—
reduction sequence did allow efficient recycling of the undesired
diastereomer 7b. In the end, the diastereomers were separated
chromatographically, allowing access to 7a in diastereomerically
pure form. (Prior to determination of the relative configuration,
7a and 7b were each carried forward separately; only details for
the transformations of 7a are presented here.)

With the phenylacetylene fragment in place it was necessary
to address the conversion of the required amide precursor to
the oxidative cyclization. Alcohol 7a was first protected as the
benzyl ether, and the silyl ether was then removed by treatment
with fluoride (Scheme 5). Oxidation of alcohol 10 followed by
treatment with PyBOP and ammonium hydroxide then provided
amide 13 in good yield.*"*

Ph Ph

Qo OTBS BnBr, TBAI, NEt; Qo OTBS TBAF, THF
o) X< o xd 75%

THF, 99%

S—=—pPh = Fh
HO BnO
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Scheme 5 Synthesis of alkyne 5.
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This set the stage for the tandem oxidation—cyclization to form
the lactam core of pseurotin A. Oxidation of 13 with potassium
permanganate under neutral conditions afforded the desired
five-membered lactam 15 in excellent raw yield (Scheme 6).%
The intermediate o-dicarbonyl (14) was not observed, nor
was the alternative six-membered lactam. While lactam 15
proved extremely difficult to purify, treatment of crude 15 with
acidic methanol introduced the necessary methyl ether with
concomitant acetal cleavage to yield diol 16. This transformation
proceeded in variable yield, although no byproducts could be
isolated. We believe that this is due to the degradation of the
a-diketone intermediate regenerated under acidic conditions,
consistent with the instability of 15 to silica gel chromatography.
Notably, 16 was formed as a single diastercomer possessing
the natural configuration at the acetal stereocenter, and
this represents one of only three times that the lactam core
of pseurotin A has been prepared in fully functionalized
form.'>13

Ph
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QO KMnOQy4, MgSO, 0
d | -CONH, NaHCOs, H,0 O ATCOoRH:
_ acetone, 95% crude 8
ST= Ph BnQ
BnO Ph

¢}
13 14
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LQ/OO NH HCI, MeOH HO_ >—NH o
o A, 52% over HO

OCHs

- -

OH two steps OBn
15 16

Scheme 6 Formation and cyclization of the
intermediate.

key o-diketone

Conversion of diol 16 to the corresponding aldehyde was the
final obstacle before coupling with the appropriate ketone could
be attempted. Oxidation in the presence of the unprotected
tertiary hydroxyl proved problematic, and a series of protect-
ing group manipulations were required. Monoacetate 17 was
prepared in good yield by treatment of 16 with Ac,O and NEt;
(Scheme 7). Incubation of 17 with excess Ac,O and DMSO
then produced methylthiomethyl (MTM) ether 18. Subsequent
acetate cleavage afforded the desired alcohol 19, which was
oxidized to the corresponding aldehyde 20.

e} Ph 0, Ph
HO_ >—NH Ac,0, NEt, HO >—Nd o A0, DMSO
HO OCH, THF, 68% AcO OCH, 90%
OBn OBn
16 17
0 Ph o) Ph
MTMQ, NH o NaOMe, THF MTMO NH o Swern
AcO OCH;4 69% HO OCH;, 96% crude
OBn OBn
18 19
0 Ph
MTMO, NH
0
OHC OCHj
OBn
20

Scheme 7 Synthesis of aldehyde 4.

At this stage, X-ray crystallographic analysis of epi-18,
prepared from 7b via the same synthetic route as that described
for 18 from 7a, provided the long-awaited determination that
18, and thus acetylide adduct 7a, possessed the correct relative
configuration at the secondary stereogenic center (Fig. 2).
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OBn Ph
MTMO, S| NH
0
AcO OCHj
epi-18

Fig. 2 X-Ray crystal structure of epi-18 (H atoms omitted for clarity).

The requisite coupling partner, ethyl ketone 23 was readily
prepared from the known aldehyde 21, which can be prepared
in five steps from D-glucose.* Grignard reaction of ethylmag-
nesium bromide and 21 produced alcohol 22, followed by Swern
oxidation to afford 23 in good yield (Scheme 8).

HiC

HaC, HaC,
-0 o =0
o, > _EtMgBr o, > _ Swen o, >
JCHO THF, 82% 96% m
OH o)
Hie N HiC HaC
21 2 2

Scheme 8 Preparation of the ‘left half* ethyl ketone.

Elaboration of aldehyde lactam

With both components in hand, the crucial aldol condensation
of aldehyde 20 and ketone 23 was undertaken (Scheme 9).
However, the fragments failed to couple as anticipated. While the
instability of the aldehyde component was initially considered
as the source of the problem, it was soon determined that ketone
23 could not be induced to couple with any substrate: treatment
of ketone 23 with base under a variety of conditions led to
decomposition, even in the presence of simple electrophiles such
as benzaldehyde.

HaC
>ﬁo o Ph HaC
2 MTMO_ >—NH
°. + 0 —X%X—-
OHC OCH
HsC Z 0 OBn ®
23 20 HiC

Scheme 9 Coupling—or lack thereof—between ketone 23 and alde-
hyde 20.

In light of this result, it was decided to modify the lactam core
so that coupling to aldehyde 21 (Scheme 8) could be attempted.
Successful aldol condensations between aldehyde 21 and various
sterically-hindered ethyl ketones were reported in the early
synthetic studies of pseurotin A,"*¢ providing ample precedent
for the desired reaction. (This approach has since been used in
both reported total syntheses.)'*!* Thus, the only modification
our original synthetic route required was the addition of an
ethyl fragment to aldehyde 20 with subsequent oxidation to the
corresponding ketone (Scheme 10). However, treatment with
ethyllithium or ethylmagnesium bromide led only to recovered
starting material, even at elevated temperatures. A variety of
other nucleophiles were screened (lithium acetylide, e.g.), but in
no case was addition to 20 observed. While there is no clear
explanation for the intransigence of this aldehyde, it was clear

OO Ph MTMOO Ph
MTM NH NH
Mo X o
OHC OCH, OCHj,
OBn
20

OH OBn
Scheme 10 Inadequacy of aldehyde 20 as an electrophile.





that an alternate strategy involving earlier extension of the side
chain would be required for the preparation of pseurotin A.

Conclusion

We have described here our first-generation synthetic approach
to the chitin synthase inhibitor, pseurotin A. This target is
important not only in that it is a competitive inhibitor of this
important fungal enzyme, but also in that it is structurally
distinct from the polyoxins and nikkomycins, which have proven
ineffective in treating human fungal infections. Notable elements
of our approach include the enzymatic desymmetrization of a
meso intermediate to set the quaternary stereocenter, and the
oxidation of an acyclic amide-alkyne to generate an o-diketone
which undergoes diastereoselective in situ cyclization to form the
lactam core of pseurotin A. Advanced aldehyde intermediates
based on this lactam failed to couple with even the simplest
carbanions, delineating the need for a new synthetic strategy.
The details of an alternate route, in which the side chain is
incorporated earlier in the synthesis, will be described in a
subsequent manuscript.

Experimental
General

All reactions were carried out in oven or flame dried glassware
under an atmosphere of nitrogen in dry solvent, except where
noted. THF and CH,Cl, were dried by passage through an
activated column of alumina, and pyridine and acetonitrile
were distilled from CaH,. All other reagents were used as
obtained, unless otherwise stated. Thin layer chromatography
was performed on silica gel 60 (F,s,, 250 nm, EM Science) plates
and visualized with UV light or stained with KMnO,, dini-
trophenylhydrazine (DNP), or phosphomolybdic acid (PMA).
Flash column chromatography was performed using silica gel
(Selecto Scientific, 32-63 nm) or reverse phase (EM Science,
silica gel 60, RP-18) as indicated. '"H-NMR data are reported
in ppm relative to the solvent (CHCI; at 7.26 ppm); coupling
constants have been rounded to the nearest 0.5 Hz. Proton
decoupled *C-NMR spectra are reported in ppm relative to
solvent as internal standard (CDCl; at 77.0 ppm).

1,3-Dibenzoyl-(2-methylidene)-1,3-propanediol (1). Sodium
benzoate (15.7 g, 109 mmol, 2.5 equiv.) was added to methallyl
dichloride (5.00 mL, 43.2 mmol, 1 equiv.) in DMF (80 mL),
and the solution was heated to 80 °C under N,. After 12 hours
the reaction was cooled to room temperature, then quenched
slowly with saturated aqueous NH,Cl (200 mL). The reaction
was further diluted with H,O (200 mL), then extracted with Et,O
(3 x 250 mL). The combined ethereal extracts were washed with
H,O (2 x 200 mL). The organic phase was dried over Na,SO,
and concentrated under reduced pressure to yield 1 (12.8 g,
43.2 mmol, >99%) as a brown oil. 1: '"H NMR (400 MHz,
CDCl),d:8.05(d, J =7.5Hz,4H),7.56 (t,J = 7.5 Hz, 2H), 7.43
(t,J =7.5Hz, 4H), 5.46 (s, 2H), 4.97 (s, 4H). FTIR (neat), cm™':
3067(w), 2952(w), 1723(s), 1602(m), 1452(m), 1274(s), 1110(s).
TLC (20% EtOAc-hexanes), Rf: 0.46 (UV, anisaldehyde).

1,3-Dibenzoyl-(2-hydroxymethyl)-1,2,3-propanetriol (2). To
a solution of 1 (12.8 g, 43.2 mmol, 1 equiv.)in 1 : 1 H,O-'BuOH
(800 mL) were added K;Fe(CN), (43.2 g, 131 mmol, 3.0 equiv.),
K,CO; (18.0 g, 130.2 mmol, 3.0 equiv.), and K,0sO,-2H,0
(0.83 g, 2.3 mmol, <0.1 equiv.). The biphasic reaction was
degassed three times by evacuating and backfilling with N,, then
stirred at room temperature under N,. After 18 hours Na,S,0,
(150 g) was added and the reaction was stirred for another hour.
The reaction was diluted with saturated aqueous NH,CI
(500 mL), then extracted with EtOAc (3 x 500 mL). The organic
phase was dried over Na,SO, and concentrated under reduced
pressure to yield 2 (12.1 g, 36.9 mmol, 85%) as a yellow oil.
2: '"H NMR (400 MHz, CDCl,), 6: 8.00 (d, J = 7.5 Hz, 4H),

7.52 (t, J = 7.5 Hz, 2H), 7.37 (t, J = 7.5 Hz, 4H), 4.50 (s,
4H), 3.76 (s, 2H). *C NMR (100 MHz, CDCl,), d: 166.5, 133.1,
129.5,129.1,128.2, 73.5, 65.2, 63.5. FTIR (neat), cm": 3455(m),
3067(w), 2960(w), 1731(s), 1607(w), 1458(m), 1277(s), 1112(s).
HRMS (MALDI-FTMS), m/z: Caled for CjyH ;O (M + Na*):
353.0996. Found: 353.0987. TLC (5% CH,OH-CH,CL,), Rf:
0.21 (UV, KMnO,).

1,3-Dibenzoyl{2-hydroxymethyl)-1,2,3-propanetriol, 4-phenyl-
cyclohexylidene acetal (3). Phenylcyclohexanone (7.9 g,
45 mmol 1.1 equiv.) and p-toluenesulfonic acid (1.6 g, 8.4 mmol,
0.2 equiv) were added to a solution of 2 (14 g, 41 mmol,
1 equiv.) in benzene (500 mL) in a flask equipped with a
Dean Stark apparatus and heated to reflux. After 12 hours
the reaction was cooled to room temperature and diluted with
EtOAc (500 mL), then washed with H,O (1 x 500 mL), saturated
aqueous NaHCO; (1 x 500 mL), and saturated aqueous NaCl
(1 x 500 mL). The organic phase was dried over Na,SO, and
concentrated under reduced pressure to afford a brown oil.
Purification of the residue by flash column chromatography (1%
CH;0H-CH,Cl,) yielded 3 (16 g, 33 mmol, 81%) as a brown oil.
3:'THNMR (400 MHz, CDCl;), : 8.09 (d, J = 7.0 Hz, 4H), 7.58
(t,J =7.0 Hz, 2H), 7.46 (t, J = 7.0 Hz, 4H), 7.33-7.19 (m, SH),
4.62-4.52 (m, 4H), 4.21-4.17 (m, 2H), 2.57 (m, 1H), 2.02-1.74
(m, 8H). *C NMR (100 MHz, CDCl,), d: 165.7, 146.0, 145.9,
133.0, 129.5, 129.4, 129.36, 129.31, 128.3, 128.2, 128.13, 128.10,
126.7, 126.6, 125.89, 125.86, 111.0, 110.7, 80.2, 79.8, 68.2, 67.9,
65.3, 65.2,43.2,42.9, 36.3, 36.0, 31.5, 31.1. FTIR (neat), cm™':
3067(w), 3034(w), 2944(m), 2861(w), 1724(s), 1607(m), 1451(m),
1268(s), 1107(s), 711(s). HRMS (MALDI-FTMS), m/z: Caled
for C;0H3,04 (M + Na*): 509.1934. Found: 509.1915. TLC (20%
EtOAc-hexanes), Rf: 0.40 (UV, DNP).

(2-Hydroxymethyl)-1,2,3-propanetriol, 4-phenylcyclohexyli-
dene acetal (4). Sodium methoxide (7.50 g, 139 mmol, 4.4
equiv.) was added to a solution of 3 (5.3 g, 31.5 mmol,
1 equiv.) in THF (500 mL) under N,. After 12 hours the
reaction was quenched with saturated aqueous NaCl (100 mL)
and extracted with EtOAc (3 x 400 mL), then dried over
Na,SO, and concentrated under reduced pressure. The residue
was purified by flash column chromatography (1% CH;OH-
CH,Cl,) to afford 4 (7.0 g, 25.3 mmol, 80%) as a white solid.
4: '"H NMR (400 MHz, CDCl,), §: 7.19-7.33 (m, 5H), 3.98 (s,
2H), 3.74 (d, J = 12.0 Hz, 1H), 3.70 (d, J = 12.0 Hz, 1H),
3.30 (br s, 1H), 2.54-2.60 (m, 1H), 1.71-1.91 (m, 8H). “C
NMR (100 MHz, CDCl,), J: 145.8, 128.1, 126.5, 125.9, 109.8,
82.8, 67.8, 64.0, 43.0, 36.4, 31.1. FTIR (neat), cm™": 3418(s),
2936(s), 2874(m), 1500(w), 1450(w), 1118(s), 1083(m), 1043(s).
HRMS (MALDI-FTMS), m/z: Caled for C,4H»O, (M + Na*):
301.1410. Found: 301.1401. TLC (5% CH;OH-CH,Cl,), Rf:
0.34 (UV, DNP).

1-O-tert-Butyldimethylsilyl-(2-hydroxymethyl)-1,2,3-propane-
triol, 4-phenylcyclohexylidene acetal (5). TBSCI (0.71 g,
4.71 mmol, 1.15 equiv.) was added to a solution of diol 4
(1.23 g, 4.42 mmol, 1 equiv.) and imidazole (0.36 g, 5.29 mmol,
1.30 equiv.) in THF (100 mL) at 0 °C. The reaction was allowed
to warm to room temperature over 12 hours while stirring
under N,. The reaction was then diluted with EtOAc (150 mL)
and washed with saturated aqueous NaCl (2 x 200 mL). The
organic phase was dried over Na,SO, and concentrated under
reduced pressure to afford a brown oil. Purification by flash
column chromatography (10% CH;OH-CH,Cl,) yielded 5
(0.72 g, 1.85 mmol, 41%) as a yellow oil, as well as unreacted
diol 4 (0.52 g, 1.87 mmol, 42%). 5: 'H NMR (400 MHz,
CDCly),0: 7.33-7.19 (m, 5H), 4.06 (d, J = 9.0 Hz, 1H), 3.94 (d,
J = 9.0 Hz, 1H), 3.74-3.62 (m, 4H), 2.58-2.53 (m, 1H), 2.33
(br s, 1H), 1.97-1.70 (m, 8H). “C NMR (100 MHz, CDCl,),
o: 146.1, 128.1, 126.6, 125.9, 109.8, 82.3, 67.9, 65.3, 64.7,
43.1, 36.6, 36.0, 31.6, 31.5, 25.9, 18.2, —5.39, —5.42. FTIR
(neat), cm™': 3480(m), 2951(s), 2858(s), 1607(w), 1475(m),
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1252(m), 1093(s), 839(s). HRMS (MALDI-FTMS), m/z: Calcd
for C,H;3,0,S1 (M + Na*): 415.2275. Found: 415.2255. TLC
(5% CH;0H-CH,Cl,), Rf: 0.46 (UV, DNP).

1-O-tert-Butyldimethylsilyl-(2-hydroxymethyl)-1,2-dihydroxy-
propan-3-al, 4-phenylcyclohexylidene acetal (6). To a —78 °C
solution of oxalyl chloride (0.32 mL, 3.68 mmol, 2.03 equiv.)
in CH,Cl, (12 mL) was added DMSO (0.33 mL, 4.65 mmol,
2.57 equiv.) under N,. After ten minutes alcohol 5 (0.70 g,
1.81 mmol, 1 equiv.) was added in CH,Cl, (8 mL) and the
mixture stirred for 45 minutes. NEt; (0.80 mL, 5.74 mmol) was
then added, and the reaction was warmed to room temperature.
After two hours the reaction was diluted with CH,Cl, (50 mL)
and washed with saturated aqueous NH,Cl1 (1 x 50 mL) and
saturated aqueous NaCl (1 x 50 mL). The organic phase was
dried over Na,SO, and concentrated under reduced pressure
to afford aldehyde 6 (0.65 g, 1.57 mmol, 87%) as a yellow
oil. 6: '"H NMR (400 MHz, CDCl,), J: 9.78 (d, J = 4.0 Hz,
1H), 7.35-7.20 (m, 5H), 4.29-4.26 (m, 1H), 4.06-3.99 (m,
1H), 3.91-3.83 (m, 1H), 2.61-2.60 (m, 1H), 1.73-2.07 (m, 8H),
0.95-0.94 (m, 9H), 0.15-0.13 (m, 6H). "C NMR (100 MHz,
CDCl,), 0: 201.9, 146.1, 146.0, 128.18, 128.16, 126.64, 126.60,
125.93, 111.45, 111.22, 87.12, 86.7, 66.9, 66.8, 64.2, 63.9, 43.3,
43.0, 36.04, 36.03, 35.9, 35.5, 31.34, 31.30, 31.2, 25.84, 25.80,
18.34, 18.31, —5.34, —5.36, —5.40, —5.42. FTIR (neat), cm™":
3034(w), 2944(s), 2861(s), 2713(w), 1736(s), 1607(w), 1254(s),
1094(s), 839(s). HRMS (MALDI-FTMS), m/z: Caled for
C,,H;,0,S1 (M + Na*): 413.2118. Found: 413.2119. TLC (20%
EtOAc-hexanes), Rf: 0.63 (UV, DNP).

1- O-tert-Butyldimethylsilyl-(2-hydroxymethyl)-1,2,3-trihy-
droxy-5-phenylpent-4-yne, 4-phenylcyclohexylidene acetal (7).
Lithium phenylacetylide (1.80 mL, 1.80 mmol, 1.00 M in
THEF, 1.08 equiv.) was added to a solution of aldehyde 7
(0.65 g, 1.66 mmol, 1 equiv.) in THF (15 mL) under N,. After
three hours the reaction was diluted with EtOAc (50 mL)
and washed with saturated aqueous NaCl (2 x 50 mL). The
organic phase was dried over Na,SO, and concentrated under
reduced pressure to afford a viscous brown oil. Purification by
flash column chromatography (2% EtOAc-hexanes) yielded
the two propargylic alcohol diastereomers of alcohol 7 (7a,
0.18 g, 0.37 mmol, 30%; 7b, 0.49 g, 1.00 mmol, 60%). 7a: '"H
NMR (400 MHz, CDCl,), d: 7.20-7.34 (m, 10H), 4.70 (d, J =
9.0 Hz, 1H), 4.23 (d, J = 9.0 Hz, 1H), 4.14 (d, J = 9.0 Hz,
1H), 4.10 (d, J = 9.5 Hz, 1H), 3.66 (d, J = 9.5 Hz, 1H), 3.19
(d, J = 9.0 Hz, 1H), 2.50-2.59 (m, 1H), 1.70-2.12 (m, 8H),
0.92 (s, 9H), 0.13 (s, 6H). *C NMR (100 MHz, CDCl,), 4:
146.2, 146.1, 131.6, 131.5, 128.3, 128.2, 128.10, 128.07, 126.7,
126.6, 125.9, 122.5, 110.6, 110.3, 87.6, 87.5, 85.9, 85.8, 83.7,
82.9, 69.0, 68.7, 66.2, 65.8, 65.3, 64.9, 43.3, 43.1, 36.7, 35.9,
35.5, 31.6, 31.3, 31.2, 25.9, 18.3, —5.4. FTIR (neat), cm™":
3447(m), 3034(m), 2953(s), 2930(s), 2858(s), 1747(w),
1615(w), 1491(m), 1254(s), 1096(s), 838(s). HRMS (MALDI-
FTMS), m/z: Calcd for C;H,O0,Si (M + Na*): 515.2588.
Found: 515.2586. TLC (5% CH;OH-CH,Cl,), Rf: 0.52
(UV, DNP).

1-tert-Butyldimethylsilyloxy-2-benzyl{(2-hydroxymethyl)-1,2,3-
trihydroxy-5-phenylpent-4-yne, 4-phenylcyclohexylidene acetal
(9). Benzyl bromide (0.45 mL, 3.76 mmol) was added to a
solution of tetrabutylammonium iodide (0.35 g, 0.95 mmol,
1.11 equiv.), sodium hydride (0.33 g, 8.25 mmol, 60% dispersion
in oil, 2.43 equiv.), and alcohol 7a (1.67 g, 3.39 mmol, 1 equiv.)
in THF (50 mL) under N,. After five hours the reaction was
diluted with EtOAc (100 mL) and washed with saturated
aqueous NaCl (3 x 150 mL). The organic phase was dried
over Na,SO, and concentrated under reduced pressure to
afford benzyl ether 9 (1.96 g, 3.36 mmol, 99%) as a yellow
oil. 9: '"H NMR (400 MHz, CDCly), ¢: 7.46-7.19 (m, 15H),
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493 (d, J = 12.0 Hz, 1H), 4.65 (d, J = 12.0 Hz, 1H), 4.57
(s, 1H), 4.17-4.09 (m, 2H), 3.94 (d, J = 10.0 Hz, 1H), 3.73
(d, J = 10.0 Hz, 1H), 2.59-2.50 (m, 1H), 2.22-1.65 (m, 8H),
0.90 (s, 9H), 0.11-0.07 (m, 6H). *C NMR (100 MHz, CDCl;),
0: 146.6, 146.5, 137.7, 137.5, 131.64, 131.58, 128.32, 128.29,
128.16, 128.13, 128.0, 127.9, 127.5, 126.8, 126.7, 125.8, 122.6,
110.6, 110.3, 87.5, 87.3, 85.8, 85.7, 85.3, 84.6, 71.5, 71.3,
70.7, 70.4, 67.9, 67.4, 63.2, 63.1, 43.5, 43.3, 36.6, 36.3, 35.9,
31.8, 31.71, 31.67, 31.4, 26.0, 22.8, 18.4, 14.3, —5.25, —5.28.
FTIR (neat), cm™": 3062(w), 3029(m), 2950(s), 2929(s), 2857(s),
1615(w), 1492(m), 1374(w), 1254(m), 1090(s), 837(s). HRMS
(MALDI-FTMS), m/z: Calcd for Cy;H,0,Si (M + Na*):
605.3057. Found: 605.3046. TLC (10% EtOAc-hexanes), Rf:
0.52 (UV, DNP).

3-0-BenzyH2-hydroxymethyl)-1,2,3-trihydroxy-S-phenylpent-4-
yne, 4-phenyl-cyclohexylidene acetal (10). Tetrabutylammo-
nium fluoride (5.1 mL, 5.1 mmol, 1.0 M in THF, 1.5 equiv.) was
added to a solution of silyl ether 9 (2.0 g, 3.4 mmol, 1 equiv.)
in THF (100 mL). After 12 hours the reaction was diluted
with EtOAc (100 mL) and washed with saturated aqueous
NaCl (3 x 150 mL). The organic phase was dried over Na,SO,
and concentrated under reduced pressure. Purification by
flash column chromatography (10% EtOAc-hexanes) afforded
alcohol 10 (1.1 g, 2.5 mmol, 75%). 10: '"H NMR (400 MHz,
CDCly), d: 7.22-7.54 (m, 15H), 4.97 (d, J = 11.5 Hz, 1H), 4.65
(d, J = 11.5 Hz, 1H), 4.56 (s, IH), 4.24 (d, J = 9.5 Hz, 1H),
4.13(d, J = 9.5 Hz, 1H), 3.98-3.92 (m, 2H), 2.57-2.60 (m, 1 H),
2.20-1.72 (m, 9H). *C NMR (100 MHz, CDCl;), §: 146.20,
146.18, 137.11, 137.08, 131.7, 131.6, 128.51, 128.48, 128.3,
128.1, 127.9, 127.8, 126.7, 126.6, 125.9, 122.2, 122.1, 110.8,
110.5, 87.9, 87.7, 84.9, 84.8, 84.0, 83.4, 71.9, 71.7, 71.4, 71.3,
68.0, 67.8, 63.7, 63.6, 43.3, 43.1, 36.6, 36.3, 36.1, 31.60, 31.57,
31.3. FTIR (neat), cm™': 3497(m), 3029(m), 2933(s), 2863(s),
2242(w), 1599(w), 1491(s), 1453(m), 1093(s), 1070(s), 936(m).
HRMS (EI), m/z: Caled for C;;H;,0, (M*): 468.2301. Found:
468.2311. TLC (20% EtOAc-hexanes), Rf:0.38 (UV, DNP).

3-0-Benzyl-(2-hydroxymethyl)-2,3-dihydroxy-5-phenylpent-4-
ynal, 4-phenyl-cyclohexylidene acetal (11). To a —78 °C
solution of oxalyl chloride (0.42 mL, 4.83 mmol, 2.00 equiv.)
in CH,Cl, (20 mL) was added DMSO (0.43 mL, 6.06 mmol,
2.51 equiv.) under N,. After ten minutes alcohol 10 (1.13 g,
2.41 mmol, 1 equiv.) was added in CH,Cl, (10 mL) and
the mixture stirred for one hour. NEt; (1.0 mL, 7.17 mmol,
2.98 equiv.) was then added, and the reaction was warmed to
room temperature. After two hours the reaction was diluted
with CH,Cl, (100 mL) and washed with saturated aqueous
NaCl (3 x 100 mL). The organic phase was dried over Na,SO,
and concentrated under reduced pressure to afford aldehyde 11
(1.04 g, 2.23 mmol, 93%). 11: '"H NMR (400 MHz, CDCl,),
0: 987 (d, J = 7.5 Hz, 1H), 7.49-7.18 (m, 15H), 4.94-4.89
(m, 1H), 4.66-4.59 (m, 1H), 4.34-4.28 (m, 1H), 4.13-4.07
(m, 1H), 2.61-2.55 (m, 1H), 2.28-1.65 (m, 8H). "C NMR
(100 MHz, CDCl,), 8: 202.0, 201.4, 146.1, 146.0, 131.8, 131.7,
128.9, 128.34, 128.29, 128.26, 128.22, 128.17, 128.0, 126.8,
126.7, 126.0, 121.8, 112.6, 112.3, 89.1, 88.4, 87.9, 83.2, 83.1,
71.3, 71.2, 70.9, 70.7, 68.1, 67.7, 43.4, 43.1, 36.3, 35.7, 35.2,
31.6, 31.4, 31.3, 31.2, 29.8, 24.2. FTIR (neat), cm™': 3076(w),
3043(w), 2931(s), 2869(m), 2226(w), 1736(s), 1491(m), 1450(m),
1089(s), 1071(s). HRMS (MALDI-FTICR), m/z: Calcd for
C;H;0, (M + Na*): 489.2036. Found: 489.2039. TLC (20%
EtOAc-hexanes), Rf: 0.50 (UV, DNP).

3-0-Benzyl-(2-hydroxymethyl)-2,3-dihydroxy-5-phenylpent-4-
ynoic acid, 4-phenylcyclohexylidene acetal (12). To a solution
of aldehyde 11 (1.04 g, 2.23 mmol, 1 equiv.) in ‘BuOH (50 mL)
and H,O (16 mL) were added 2-methyl-2-butene (5.00 mL,
10.0 mmol, 2.0 M in THF, 4.93 equiv.), NaH,PO, (0.38 g,
2.75 mmol, 1.23 equiv.), and sodium chlorite (0.79 g, 6.99 mmol,





3.14 equiv.). After three hours, the reaction was diluted with
EtOAc (150 mL) and washed with saturated aqueous NaCl
(3 x 100 mL). The organic phase was dried over Na,SO,
and concentrated under reduced pressure to yield acid 12
(1.06 g, 2.20 mmol, 99%) as a foamy white solid. 12: '"H NMR
(400 MHz, CDCl,), 0: 7.48-7.18 (m, 15H), 4.94-4.90 (m, 1H),
4.74-4.65 (m, 2H), 4.49-4.44 (m, 1H), 4.26-4.22 (m, 1H),
2.54-2.36 (m, 1H), 2.39-1.61 (m, 8H). "C NMR (100 MHz,
CDCL), J: 173.4, 145.8, 136.5, 136.2, 131.72, 131.68, 128.9,
128.3, 128.23, 128.20, 127.94, 127.88, 126.8, 126.6, 126.0, 121.7,
113.6, 113.2, 88.7, 86.8, 86.3, 83.0, 71.5, 71.2, 69.6, 43.3, 43.0,
35.6, 35.2, 34.9, 31.5, 31.4, 30.8, 29.8. FTIR (neat), cm™:
3431(w), 3059(w), 3034(m), 2929(s), 2864(m), 2234(w), 1728(s),
1607(m), 1491(m), 1452(m), 1087(s), 1070(s). HRMS (EI), m/z:
Caled for C;H;Os (M*): 482.2093. Found: 482.2097. TLC
(10% CH;OH-CH,Cl,), Rf: 0.50 (UV, DNP).

3-0-Benzyl-(2-hydroxymethyl)-2,3-dihydroxy-5-phenylpent-4-
ynamide, 4-phenylcyclohexylidene acetal (13). To a solution
of acid 12 (1.07 g, 2.22 mmol, 1 equiv.) in THF (50 mL) were
added NEt; (0.70 mL, 5.02 mmol, 2.26 equiv.) and PyBOP
(1.38 g, 2.60 mmol, 1.17 equiv.). After ten minutes 28% NH,
in H,O (1.40 mL, 11.9 mmol, 5.36 equiv.) was added and
the mixture was allowed to stir for 12 hours. The reaction
was then diluted with EtOAc (100 mL) and washed with
saturated aqueous NaCl (3 x 100 mL). The organic phase was
dried over Na,SO, and concentrated under reduced pressure.
Purification of the residue by flash column chromatography
(1% CH;0OH-CH,Cl,) afforded amide 13 (0.80 g, 1.66 mmol,
75%) as a foamy white solid. 13: '"H NMR (400 MHz, CDCl,),
0:7.57-7.23 (m, 15H), 6.99 (br s, 1H), 6.94 (br s, 1H), 5.02-4.98
(m, 1H), 4.89 (s, 1H), 4.76 (d, J = 12.0 Hz, 1H), 4.54-4.48 (m,
1H), 4.29 (d, J = 9.2 Hz, 1H), 2.70-2.60 (m, 1H), 2.50-1.71 (m,
8H). *C NMR (100 MHz, CDCl;), d: 174.8, 145.7, 145.6, 136.7,
136.5, 131.44, 131.40, 128.4, 128.05, 128.02, 127.98, 127.81,
127.77, 127.51, 127.49, 126.5, 126.4, 125.8, 122.8, 121.8, 112.6,
112.3, 87.9, 87.8, 86.9, 86.3, 84.0, 83.9, 71.7, 71.5, 71.34, 71.28,
69.8, 69.6, 43.0, 42.8, 35.4, 35.3, 35.2, 35.0, 31.3, 30.6. FTIR
(neat), cm™': 3478(s), 3356(m), 3029(m), 2936(s), 2865(m),
2250(m), 1693(s), 1573(m), 1492(m), 1452(m), 1088(s). HRMS
(MALDI-FTICR), m/z: Caled for C;H;NO, (M + Na*):
504.2145. Found: 504.2126. TLC (2% CH;OH-CH,Cl,), Rf:
0.32 (UV, DNP).

2-Benzoyl-3-O-benzyl-2,3,4-trihydroxy-4-hydroxymethylpyrro-
lidin-5-one (15). Magnesium sulfate (1.50 g, 12.5 mmol,
2.41 equiv.) and sodium bicarbonate (0.28 g, 3.29 mmol, 0.64
equiv.) were added to a solution of amide 13 (2.49 g, 5.17 mmol,
1 equiv.) in acetone (190 mL) and H,O (110 mL). Potassium
permanganate (3.52 g, 22.3 mmol, 4.31 equiv.) was then added
and the reaction was allowed to stir for one hour. Sodium
nitrite (3.50 g, 50.7 mmol, 9.81 equiv.) and 10% H,SO, (30 mL)
were then added to quench the reaction. EtOAc (200 mL)
was added and the reaction washed with saturated aqueous
NaCl (2 x 250 mL). The organic phase was dried over Na,SO,
and concentrated under reduced pressure to afford lactam 15
(2.53 g, 4.93 mmol, 95% crude) which was used in the next
reaction without purification.

2-Benzoyl-2-O-methyl-3-O-benzyl-2,3,4-trihydroxy-4-hydroxy-
methylpyrrolidin-5-one (16). Concentrated hydrochloric acid
(2.5 mL) was added to a solution of crude acetal 15 (2.53 g,
4.93 mmol, 1 equiv.) in ordinary CH;OH (80 mL) and the
mixture heated to reflux. After 12 hours the reaction was cooled
to room temperature and diluted with EtOAc (200 mL), then
washed with saturated aqueous NaCl (3 x 200 mL). The organic
phase was dried over Na,SO, and concentrated under reduced
pressure. Purification by flash column chromatography (5%
CH;0H-CH,C(l,) afforded lactam diol 16 (0.95 g, 2.56 mmol,
52%) as a white solid. 16: '"H NMR (400 MHz, CD,0D), J:

8.32 (d, J = 7.5 Hz, 2H), 7.61 (t, J = 7.5 Hz, 1H), 7.44-7.18
(m, 8H), 497 (d, J = 11.5 Hz, 1H), 4.40 (s, 1H), 435, J =
11.5Hz, 1H), 4.04-3.87 (m, 2H), 3.66 (d, / = 10.5 Hz, 1H), 3.18
(s, 3H). *C NMR (100 MHz, CD;0D), J: 196.6, 175.7, 134.9,
131.7, 129.5, 129.3, 129.2, 129.1, 129.0, 128.8, 85.6, 82.0, 75.0,
64.8, 63.6, 52.0. FTIR (neat), cm™": 3316(s), 2935(w), 1725(s),
1683(m), 1467(w), 1115(m). HRMS (MALDI-FTICR), m/z:
Caled for C,)H, NOg (M + Na*): 394.1261. Found: 394.1262.
TLC (10% CH;OH-CH,Cl,), Rf: 0.35 (UV, DNP).

2-Benzoyl-2-O-methyl-3-O-benzyl-2,3,4-trihydroxy-4-acetoxy-
methylpyrrolidin-5-one (17). Acetic anhydride (0.34 mL,
3.6 mmol, 1.41 equiv.) was added to a solution of lactam diol
16 (0.95 g, 2.55 mmol, 1 equiv.), NEt; (0.43 mL, 3.08 mmol,
1.21 equiv.),and DMAP (0.12 g, 1.02 mmol, 0.40 equiv.) in THF
(20 mL). After 12 hours the reaction was diluted with EtOAc
(100 mL) and washed with saturated NH,Cl (3 x 75 mL). The
organic phase was dried over Na,SO, and concentrated under
reduced pressure. Purification by flash column chromatography
(2% CH;OH-CH,Cl,) yielded acetate 17 (0.71 g, 1.72 mmol,
68%). 17: "H NMR (400 MHz, CDCl,), d: 8.25 (d, J = 7.5 Hz,
2H), 7.64 (t, J = 7.5 Hz, 1H), 7.51 (t, J = 7.5 Hz, 2H), 7.33
(br s, 1H), 7.19-7.13 (m, 3H), 6.72 (d, J = 6.8 Hz, 2H), 4.75
(d, J = 12.5 Hz, 1H), 4.50 (s, 1H), 4.48 (d, J/ = 10.0 Hz, 1H),
4.19 (d, J = 12.5 Hz, 1H), 3.83 (d, J = 10.0 Hz, 1H), 3.66
(br s, 1H), 3.30 (s, 3H), 2.12 (s, 3H). “C NMR (100 MHz,
CDCl),0: 191.8, 173.4, 170.6, 135.6, 134.0, 133.9, 129.4, 128.7,
128.1,127.9, 127.7,95.6, 85.9, 78.6, 74.5, 62.9, 51.4, 21.0. FTIR
(neat), cm™': 3319(m), 2927(w), 2853(w), 1732(s), 1693(m),
1451(w), 1376(w), 1234(m), 1100(m). HRMS (EI), m/z: Calcd
for C,,H;xNO; (M*): 413.1468. Found: 413.1442. TLC (5%
CH,OH-CH,Cl,), Rf: 0.27 (UV, DNP).

2-Benzoyl-2- O-methyl-3-O-benzyl-2,3,4-trihydroxy-4-acetoxy-
methylpyrrolidin-5-one, methylthiomethyl ether (18). Acetic
anhydride (9.20 mL, 97.5 mmol, 57.4 equiv.) and DMSO
(9.20 mL, 130 mmol, 76.2 equiv.) were combined with acetate
17 (0.70 g, 1.70 mmol, 1 equiv.) and stirred under N,. After
40 hours the reaction was diluted with CH,Cl, (100 mL) and
washed with saturated aqueous NaCl (2 x 100 mL) and H,O
(1 x 100 mL). The organic phase was dried over Na,SO, and
concentrated under reduced pressure to yield MTM ether 18
(0.70 g, 1.50 mmol, 90%). 18: '"H NMR (400 MHz, CDCl,), §:
8.29 (d, J = 8.0 Hz, 2H), 7.64 (t, / = 8.0 Hz, 1H), 7.51 (t, J =
8.0 Hz, 2H), 7.19-7.11 (m, 4H), 6.65 (d, J = 7.0 Hz, 2H), 5.10
(d, J = 13.0 Hz, 1H), 4.87 (d, J = 10.8 Hz, 1H), 4.77 (d, J =
10.8 Hz, 1H), 4.52-4.50 (m, 2H), 4.01 (d, J = 13.0 Hz, 1H), 4.67
(d, J =10.0 Hz, 1H), 3.26 (s, 1H), 2.24 (s, 3H), 2.10 (s, 3H). *C
NMR (100 MHz, CDCl;), J: 191.8, 171.4, 169.8, 135.7, 133.9,
133.8, 129.3, 128.7, 128.1, 127.8, 127.5, 95.5, 86.6, 82.7, 74.6,
70.8, 58.6, 50.9, 21.0, 14.6. FTIR (neat), cm™': 2925(w), 1744(s),
1721(s), 1693(m), 1449(w), 1231(m), 1100(m), 1033(m). HRMS
(EI), m/z: Caled for C,yH»NO,S (M + H*): 474.1586. Found:
474.1568. TLC (5% CH;OH-CH,Cl,), Rf: 0.73 (UV, DNP).

Crystal structure determination of compound epi-18

Crystal data. C,,H,;NO;S, 473.53, triclinic, a = 8.9592(7), b =
9.2569(6), ¢ = 15.3512(11) A, cell angle a = 79.4720(10), cell
angle f = 83.1290(10), cell angle y = 69.3510(10)°, U =
1169.19(15) A3, T = 218(2) K, space group PI, Z = 2, u =
0.183 mm™', 7140 reflections measured, 4097 independent
reflections (R;,, = 0.0196) which were used in all calculations.
The final wR(F?) was 0.1614.1

2-Benzoyl-2-O-methyl-3-O-benzyl-2,3,4-trihydroxy-4-hydroxy-
methylpyrrolidin-5-one, methylthiomethyl ether (19). Sodium
methoxide (0.16 g, 2.96 mmol, 5.92 equiv.) was added to a solu-
tion of acetate 18 (0.24 g, 0.50 mmol, 1 equiv.) in THF (6 mL).

1 CCDC reference number 283232. For crystallographic data in CIF or
other electronic format see DOI: 10.1039/b512701g.
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After 12 hours the reaction was diluted with EtOAc (50 mL)
and washed with saturated aqueous NaCl (3 x 50 mL). The
organic phase was dried over Na,SO, and concentrated under
reduced pressure to yield alcohol 19 (0.15 g, 0.33 mmol, 69%)
as a white solid. 19: "H NMR (400 MHz, CDCl,), 6: 8.27 (d, J
= 7.5 Hz, 2H), 7.63 (t, J = 7.5 Hz, 1H), 7.51 (t, J = 7.5 Hz,
2H), 7.35-7.10 (m, 4H), 6.69 (d, J = 7.0 Hz, 2H), 5.07 (d, J =
11.5 Hz, 1H), 4.88 (d, J = 11.5 Hz, 1H), 4.72 (d, J = 9.5 Hz,
1H), 4.49 (s, 1H), 4.16 (dd, J = 3.0 Hz, J = 13.0 Hz, 1H), 3.87
(dd, J = 11.0 Hz, J = 13.0 Hz, 1H), 3.75 (d, J = 9.5 Hz, 1H),
3.25 (s, 3H), 2.78 (dd, J = 3.0 Hz, J = 11.0 Hz, 1H), 2.34 (s,
3H). ®*CNMR (100 MHz, CDCl,),d: 191.9, 172.4, 135.9, 134.0,
133.7, 129.2, 128.7, 128.0, 127.9, 127.8, 95.4, 86.4, 84.3, 74.8,
70.3, 57.8, 51.0, 14.8. FTIR (neat), cm™': 3439(m), 2956(m),
2923(m), 2853(m), 1716(s), 1693(s), 1458(w), 1097(s). HRMS
(MALDI-FTICR), m/z: Calcd for C,,H,sNO¢S (M + Na‘):
454.1295. Found: 454.1292. TLC (5% CH;0H-CH,Cl,), Rf:
0.35 (UV, DNP).

2-Benzoyl-2-O-methyl-3-O-benzyl-2,3,4-trihydroxy-4-carbal-
dehydopyrrolidin-5-one, methylthiomethyl ether (20). To a
—78 °C solution of oxalyl chloride (0.03 mL, 0.13 mmol,
1.10 equiv.) in CH,Cl, (0.50 mL) was added DMSO (0.03 mL,
0.35 mmol, 2.70 equiv.) under N,. After ten minutes alcohol 19
(0.06 g, 0.13 mmol, 1 equiv.) was added in CH,Cl, (1 mL) and
the mixture stirred for one hour. NEt; (0.06 mL, 0.43 mmol,
3.31 equiv.) was then added, and the reaction was warmed to
room temperature. After two hours the reaction was diluted
with CH,Cl, (30 mL) and washed with saturated aqueous NaCl
(3 x 30 mL). The organic phase was dried over Na,SO, and
concentrated under reduced pressure to afford aldehyde 20
(0.05 g, 0.12 mmol, 96%). 20: '"H NMR (400 MHz, CDCl,), :
9.68 (s, 1H), 8.15 (d, J = 7.5 Hz, 2H), 7.56-6.89 (m, 9H), 5.46
(d, J = 5.5 Hz, 2H), 4.76 (s, 1H), 4.52 (d, J = 11.0 Hz, 1H),
4.35(d, J = 11.0 Hz, 1H), 3.28 (s, 3H), 2.31 (s, 3H). MS (ESI),
m/z: Calcd for C,,H,;;NOS (M + Na‘): 452. Found: 452. TLC
(5% CH;OH-CH,Cl,), Rf: 0.30 (UV, DNP).

(Z2)-(3R,4S5)-2,3,4-trihydroxynon-5-ene  (22). Ethylmagne-
sium bromide (8.30 mL, 8.30 mmol, 1.0 M in THF, 1.52 equiv.)
was added to a solution of aldehyde 21 (0.93 g, 5.46 mmol,
1 equiv.) in THF (20 mL) under N,. After three hours the
reaction was diluted with EtOAc (50 mL) and washed with
saturated aqueous NaCl (3 x 50 mL). The organic phase was
dried over Na,SO, and concentrated under reduced pressure to
yield alcohol 22 (0.89 g, 4.44 mmol, 82%) as a yellow oil. 22: "H
NMR (400 MHz, CDCl,), d: 5.71-5.54 (m, 2H), 5.08-5.04 (m,
1H), 4.82 (t, J = 8.5 Hz, 1H), 3.92-3.81 (m, 1H), 3.47-3.41 (m,
1H), 2.19-2.01 (m, 2H), 1.49-1.39 (m, 5H), 1.03-0.95 (m, 6H).
BC NMR (100 MHz, CDCl), d: 136.6, 124.2, 100.7, 80.7, 74.3,
71.0, 27.2, 21.2, 19.9, 14.2, 10.1. FTIR (neat), cm~': 3488(m),
2965(s), 2936(s), 2878(s), 1699(w), 1479(m), 1409(m), 1145(s),
1097(s), 905(m). TLC (5% CH;OH-CH,Cl,), Rf: 0.68 (UV,
DNP).

(Z)-(3R,4S5)-3,4-dihydroxynon-5-en-2-one (23). Toa —78°C
solution of oxalyl chloride (0.58 mL, 6.67 mmol, 1.50 equiv.)
in CH,Cl, (14 mL) was added DMSO (0.63 mL, 8.88 mmaol,
2.00 equiv.) under N,. After ten minutes alcohol 22 (0.89 g,
4.44 mmol, 1 equiv.) was added in CH,Cl, (7 mL) and the
mixture stirred for one hour. NEt; (1.90 mL, 13.63 mmol,
3.07 equiv.) was then added, and the reaction was warmed to
room temperature. After two hours the reaction was diluted with
CH,Cl, (50 mL) and washed with saturated aqueous NH,CI (1 x
50 mL) and saturated aqueous NaCl (1 x 50 mL). The organic
phase was dried over Na,SO, and concentrated under reduced
pressure to afford ketone 23 (0.85 g, 4.29 mmol, 96%) as a pale
yellow oil. 23: 'H NMR (400 MHz, CDCl,), 6: 5.62 (dt, J =
11.0 Hz, J = 7.5 Hz, 1H), 5.15-5.08 (m, 2H), 4.96 (t, / = 6.8 Hz,
1H), 4.36 (d, J = 8.0 Hz, 1H), 2.64-2.54 (m, 1H), 2.42-2.32 (m,
1H), 2.14-1.99 (m, 2H), 1.51 (d, J = 5.0 Hz, 3H), 0.99-0.95 (m,
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6H). "C NMR (100 MHz, CDCl,), 6: 209.5, 138.2, 122.1, 102.2,
83.5,75.8,33.4,21.5,19.6,13.9,6.8. FTIR (neat),cm™":2971(m),
2938(m), 2879(m), 1719(s), 1460(m), 1408(m), 1146(s), 1094(m).
HRMS (CI), m/z: Caled for C,;H,,O; (M + H*): 199.1334.
Found: 199.1341. TLC (5% CH;OH-CH,Cl,), Rf: 0.65 (UV,
DNP).
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The products obtained from the reaction of diphenylketene with a variety of isocyanides are shown to depend heavily
on the concentration of diphenylketene; a high concentration results in the precedented dioxolane derivatives, at
much lower concentrations the reactions follow an alternative course and polycyclic B-lactams are generated by a

cascade of formal pericyclic reactions.

Introduction

The reaction of aryl and diaryl ketenes with isocyanides, to
afford adducts comprising a 2 : 1 ketene : isocyanide stoichiom-
etry, has been known for more than 40 years.! A structure
(2) was proposed for these adducts based on analysis of the
products formed from their successive treatment with concen-
trated hydrochloric acid and sodium methoxide, in combination
with IR data; this 4-iminocyclopenta-1,3-dione structure may
be envisaged to form by sequential C-alkylations of enolate-type
intermediates (Scheme 1). Sixteen years later, with the benefit of
3C NMR data, the Ugi group revised the original assignment
to an isomeric 2,5-dialkylidene-4-imino-1,3-dioxolane structure
(3)? formed by sequential O-alkylations.

In the intervening period, Gambarayan had assigned structure
4 (Fig. 1) to the major products formed in the reactions
of bis(trifluoromethyl)ketene with representative isocyanides;?
subsequently Moore reported the ‘unusual’ products (5) of
isocyanides with zert-butylcyanoketene, these products being, in
fact, dioxolanes analogous to those described by Gambarayan,
and by Ugi in his revision.*

In mechanistically related work, Hoffmann reported the
reaction of dimethoxycarbene with diphenylketene to afford
dioxolane 6 (Fig. 1).> Contemporaneous with these discoveries,
Mukaiyama described® the formation of an unidentified 2 : 1
adduct of diphenylketene and triethylphosphite, the structure
of which was solved eight years later by Baldwin who showed
it to be the 1,3,2-dioxaphospholane derivative 7, similar to
Ugi’s isocyanide adducts.” This process proved to have some
generality.® In a separate study, having a degree of symmetry
with the phosphorus(1i1) chemistry, Taylor’s group noted that the
reaction of nitrone 8 with dimethylketene formed two (major)
unidentified compounds in addition to the (minor) expected
products;® in this case, ten years elapsed before the major
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pathway was shown to involve an isocyanide/ketene interaction
resulting in compound 9 and its hydrolysis product.*

The mechanism of these formal [2 + 2 + 1] cycloadditions
has not been fully established but, in the isocyanide case, the
presumed intermediacy of zwitterion 1, formally an imine-
substituted oxyallyl, suggested to us the possibility of engineer-
ing conditions in which this adduct might be trapped with 1,3-
dienes to result in a-iminocycloheptenones (10, Scheme 2), a
reaction that might have some utility in synthesis, particularly
if the diene could be tethered in some way to the zwitterion.!
Whilst this proposal proved fanciful,’* during the course of this
study we discovered a new pathway in the ketene/isocyanide
manifold and, as a bonus, were able to obtain the first X-ray
crystallographic confirmation of the structures of compounds
of general structure 3.

Ph
7 8 9
Fig. 1
Rl R' 7
2
N R
- SN | e -~ N2
o R
R! R?
2
R "
BN o
R
R2 N—R3

The reaction of isocyanides with ketenes as first formulated (dashed arrows) and as later modified (solid arrows).
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Scheme 2 Proposed trapping of the isocyanide + ketene adduct by
cycloaddition.

Results and discussion

Addition of isocyanides 11-14 to a stirred solution of
diphenylketene, in dichloromethane, ether, or acetonitrile, in
the presence of an excess of isoprene as a potential trapping
diene, gave rise to the normal 2 : 1 ketene/isocyanide adducts
15-18 respectively (Fig. 2) with no apparent involvement of
the diene. Of these adducts, only the tert-butyl derivative (16)*
had been reported but the benzyl derivative (17) is the correct
structure for the compound (cf. 2) misassigned in Ugi’s 1961
paper. The '"H and *C NMR spectra of these compounds
indicate the formation of a predominant or single diastereomer
about the imine double bond; this was supported in three of
the four cases by X-ray diffraction studies of crystals grown
by layered diffusion of either methanol or ethanol into di- or
tetrachloromethane, and their structures are confirmed as the
dioxolanes (Fig. 3).1

Pr—NC 11 Phy pn  15.R=Pr
tBu—NC 12 o/z/ 16, R = t-Bu
o
Bn—NC 13 Ph 17,R=Bn
Ph—NC 14 Ph N-R 18, R=Ph
Fig. 2

Clearly, under these conditions, the added diene is unable to
compete effectively with excess diphenylketene for zwitterion
1 (R' = R? = Ph). In a first attempt to lower the effective
concentration of the ketene and therefore bias the reaction
towards cycloaddition, diphenylketene (2.0 equiv.) was added
over 8 h by syringe pump to a solution of isocyanide 11 and
isoprene (5.0 equiv.) in dichloromethane at 20 °C. In this case
the major product was found not to be the Ugi-type 2 : 1 adduct
but a 3 : 1 adduct in 40% yield, this yield remaining essentially
unchanged when the reaction was repeated in the absence of
isoprene. Characterisation of this material proved to be difficult
on the basis of spectroscopic data alone, but an absorption
at 1755 cm™! in the IR spectrum and a pair of diastereotopic
CH,N protons in the '"H NMR spectrum [2.68 (1 H, ddd, J
14.0, 8.3, 6.3), 3.06 (1 H, ddd, J 14.0, 8.4, 7.5)] suggested the
presence of a B-lactam which, mechanistically, was expected to
arise from formal [2 + 2] cycloaddition of the ketene to an
intermediate imine. On the basis of these data structure 21 was
proposed which we envisaged to arise via electrocyclisation of
the reactive zwitterion, in the absence of a high concentration
of diphenylketene, tautomerisation, and successive [2 + 2]*
and ene reactions to bring the molecule to a kinetically stable
state (Scheme 3). Once more, X-ray crystallography was able
to confirm the prediction (Fig. 4). In an attempt to activate
the zwitterion, by trapping the nominal enolate to generate a
reactive extended nitrilium ion," the reaction was repeated in
the presence of TMSCI (5.0 equiv.). Although this modification
was ineffective in bringing about reaction with the isoprene,
it did suppress the ene reaction and two diastereomers of
the ‘interrupted cascade’ products 19 and 20 (2.6 : 1 ratio,
Scheme 3) were obtained, the minor isomer (20) crystallising
from methanol to allow X-ray analysis (Fig. 4).

T CCDC reference numbers 283680-283684. For crystallographic data
in CIF or other electronic format see DOI: 10.1039/b512826a

Fig. 3 ORTEP representations of isocyanide/ketene adducts 15-17."

In a final attempt to push the reaction in the desired direction,
three diene-tethered isocyanides 24, 26, and 27 were prepared by
the straightforward routes summarised in Scheme 4.7 Amongst
their more obvious attributes, a characteristic feature of these
isocyanides is the splitting, by coupling to “N (I = 1), of '"H
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Ph,C=C=0
[2+2]

20, B-Ph

Scheme 3 Reaction cascade when diphenylketene is added slowly to
propylisocyanide (11).

Fig. 4 ORTEP representations of novel isocyanide/ketene adducts 20
and 21 (some hydrogens omitted for clarity).'¢

and *C NMR resonances of nuclei in close proximity to the
isocyanide nitrogen.’® When acyclic diene 24 and cyclic diene 26,
both carrying three-carbon tethers to the isocyanide functional-
ity, were subjected to the standard conditions, complex product
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mixtures formed from which only the respective 3 : 1 adducts 28
and 29 (Fig. 5) could be isolated, in low yield. Interestingly, the
two-carbon tethered diene (27) entered into a cleaner reaction
to produce the spirocyclic indanones 30 and 31 (3.5 : 1 ratio)
in moderate yield; why the ene reaction was suppressed in this
reaction remains unclear to us.

OH
(i)iii)
NS X
h ~
22, X=1
(iv)
23, X = NHCHO
v)
24, X =NC
Me (e} Me O X
25, X = NHCHO
(viii)
26, X=NC
@\ 4 steps / \
(o) CHO ref. 21 (@) NC
27

Scheme 4 Reagents and conditions: (i) CH;C(OEt);, EtCO,H, reflux,
18 h (65%); (ii) LiAlH,, THF, 0 °C — 20 °C, 18 h (78%); (iii) L,, PPh;,
imidazole, CH;CN, 20 °C, 4 h (91%); (iv) NaN(CHO),, DMF, 100 °C,
48 h then KOH, EtOH, 20 °C, 2 h (75%); (v) POCl;, Et;N, THF, 0-5 °C,
2 h (75%); (vi) BuLi then 1-bromo-3-chloropropane, —78 °C — 20 °C,
18 h (76%); (vii) as (iv) but with added Nal in the substitution step
(79%); (viii) as (v) for 1 h (71%).

28, R = 1,3-butadien-1-yl
29, R = 5-methyl-2-furyl

30, 0-Ph
31, B-Ph

Fig.5 p-Lactam products formed with tethered dienes.

Conclusion

‘We have shown in this work that zwitterions of general structure
1 enter into formal electrocyclisation reactions in addition to
their known trapping on oxygen by ketenes. With suitably
functionalised substituents (R'?) and appropriate choice of
reaction conditions, it is conceivable that new complexity-
generating transformations of these interesting intermediates
will be discovered that lead to novel molecular frameworks in a
single reaction step from simple precursors.

Experimental

Diphenylketene,” propyl-,* benzyl-,* and phenylisocyanide,?
sodium diformylimide,”” 2-(3-chloropropyl)-5-methylfuran,'’
and isocyanide 27*' were prepared according to literature
procedures; all other reagents and solvents were obtained
commercially and purified before use by standard procedures.

(Z£)4-Propylimino-2,5-bis(diphenylmethylene)-1,3-dioxolane (15)

To a stirred solution of diphenylketene (1.94 g, 10.0 mmol)
in ether (10 mL) at —20 °C was added propylisocyanide
(0.4 mL, 5.0 mmol) in one portion via syringe. The mixture





was stirred for 1 h at —20 °C and allowed to warm up to RT
over 12 h. Concentration of the mixture in vacuo gave a solid
residue that was purified by column chromatography (silica, 20
: 1 petrol : ether) to give the title compound (15) as yellow
needles (1.63 g, 71%). Mp 115-118 °C; R; 0.58 (2 : 1 petrol :
ether); v« (KBr)/cm™' 3053 w, 2928 w, 1719 m, 1666 s, 1628 m,
1495 w, 1443 m, 1384 w, 1216 s, 1184 s, 1066 m, 1006 s, 761 m,
700 s; oy (400 MHz, CDC1,) 0.74 3 H, t, J 7.4, CH;), 1.35 (2 H,
m, CH,CH,), 3.27 (2 H, J 6.3, CH,N), 7.18-7.31 (20 H, m, 4 x
Ph); 6 (100.6 MHz, CDCl;) 11.8, 23.5, 50.2, 92.6, 122.1, 126.1,
126.4,127.8,127.9, 128.0, 128.1, 128.6, 129.6, 129.8, 130.1 (two
peaks), 130.9, 134.6, 136.0, 136.8, 137.0, 137.5, 144.1, 150.9;
m/z (APCI+) 458 (MH*, 100%); found: C 83.76, H 6.04, N
3.07; C;,H,;;NO, requires: C 84.00, H 5.95, N 3.06.

(Z)-4-tert-Butylimino-2,5-bis(diphenylmethylene)-1,3-
dioxolane (16)*

Diphenylketene (0.78 g, 4.02 mmol), as a solution in dichloro-
methane (10 mL), was added in one portion to a solution of
tert-butylisocyanide (0.21 mL, 2.0 mmol) in dichloromethane
(50 mL) and the mixture was stirred for 16 h at RT. Concentra-
tion of the mixture in vacuo gave a yellow solid that was purified
by column chromatography (silica, 20 : 1 petrol : ether) to give
the title compound (16) as yellow needles (0.55 g, 58%). Mp
164 °C (lit.2 mp 167-169 °C); R; 0.64 (2 : 1 petrol : ether); vy
(KBr)/cm™" 3056 w, 2968 m, 1728 m, 1668 s, 1636 s, 1599 m,
1495 m, 1444 s, 1253 s, 1221 s, 1187 s, 1042 m, 1006 s, 988 s,
817 m, 766 s, 697 s, 616 m, 584 m; Jy (200 MHz, CDCI;) 1.16
(9 H, s, -Bu), 7.31-7.54 (20 H, m, 4 x Ph); é. (50.3 MHz,
CDCl;) 29.7, 55.0,92.5,121.9, 126.3, 127.5, 127.7, 127.9, 128.0,
128.1 (two peaks), 129.8, 129.9 (two peaks), 131.0, 135.6, 136.4,
137.0,137.3,137.8,139.3, 151.3; m/z (APCI+) 472 (MH*, 58%)),
416 (100), 222 (41); accurate mass: found: 472.2272; C;;H;,NO,
(MH") requires 472.2276.

(Z)4-Benzylimino-2,5-bis(diphenylmethylene)-1,3-dioxolane (17)

To a stirred solution of diphenylketene (388 mg, 2.0 mmol) in
ether (10 mL) was added benzylisocyanide (0.12 mL, 1.0 mmol)
in one portion via syringe and the mixture was stirred at RT
for 16 h. Concentration of the mixture in vacuo gave a yellow
solid that was purified by column chromatography (silica, 10 : 1
petrol : ether) to give the title compound (17) as yellow needles
(0.33 g, 65%). R; (0.63 2 : 1 petrol : ether); mp 146 °C (lit.! for the
misassigned cyclopentyl structure, mp 150-151 °C); v,,,, (KBr)
3059 w, 3029 w, 1720 s, 1665 s, 1632 s, 1598 s, 1495 s, 1444 s,
1358 m, 1247 s, 12195, 1186 s, 1023 5,990 s, 819 m, 724 s, 629 s;
Ju (400 MHz, CDCl;) 4.54 (2 H, s, PhCH,), 6.99 (2 H, d, J
8.0) and 7.14-7.43 (23 H, m, 5 x Ph); . (100.6 MHz, CDCl,)
51.7, 126.4 (two peaks), 126.5, 127.1, 127.8, 127.9, 128.0, 128.1,
128.2 (two peaks), 129.7, 129.8, 130.0, 130.9, 136.2, 136.7, 136.9,
137.3 this spectrum was too weak for some of the 4° carbons
to be resolved; m/z (APCI+) 506 (MH*, 100%); accurate mass:
found: 506.2126; C;sH,xNO, (MH") requires 506.2120.

(Z)<4-Phenylimino-2,5-bis(diphenylmethylene)-1,3-dioxolane (18)

To a stirred solution of diphenylketene (0.78 g, 4.02 mmol) in
dichloromethane (10 mL) was added phenylisocyanide (0.21 g,
2.04 mmol) in one portion via syringe and the mixture was stirred
at RT for 16 h. Concentration of the mixture in vacuo gave a
yellow solid that was recrystallised from chloroform/methanol
to give the title compound (18) as yellow needles (0.77 g, 78%).
Mp 204-206 °C; vy, (KBr)/cm™ 3052 w, 1716 m, 1672 s, 1672
m, 1588 w, 1487 m, 1443 m, 1258 s, 12145, 1183 5, 1171 s, 1005 s,
758 m, 690 s; Jy (400 MHz, CDCl,) 7.16-7.70 (25 H, m, 5 x
Ph); ¢ (100.6 MHz, CDCl;) 93.9, 123.9, 125.1, 126.1, 126.6
(two peaks), 128.0 (two peaks), 128.1, 128.2, 128.3, 128.4, 128.7,
129.9, 130.0 (two peaks), 131.1, 135.7, 136.3, 136.6, 136.8, 137.5,
142.5, 143.3, 151.0; m/z (APCI +ve) 492 (MH*, 100%); found:

C85.54,H 5.24, N 2.98; C;sH,;NO, requires C 85.52, H 5.13, N
2.85.

Spiro[3,3-diphenyl-1-propylazetidin-2-one-4,1’-
[2]diphenylacetoxy-|3]phenylindene] (21)

Diphenylketene (0.78 g, 4.02 mmol) dissolved in dry
dichloromethane (10 mL) was added over 8 h via syringe pump
to a solution of propylisocyanide (0.17 mL, 2.0 mmol) in
dichloromethane (40 mL). The mixture was stirred for a further
16 h at RT then concentrated in vacuo. Purification of the residue
by column chromatography (silica, 8 : 1 petrol : ether) gave the
title compound (21) (348 mg, 40%) as colourless prisms. R; 0.23
(4 : 1 petrol : ether); mp 182-184 °C; v, (KBr)/cm™" 3061 w,
2962 w, 1755 s, 1599 m, 1494 s, 1448 s, 1390 m, 1304 m, 1189
w, 1090 s, 1032 w, 900 w, 778 m, 745 s, 700 s, 649 m, 539 w; Jy
(400 MHz, CDCl;) 0.74 (3 H, t, J 7.4, CH;), 1.30-1.40 (2 H, m,
CH,CH,), 2.68 (1 H, ddd, J 14.0, 8.3, 6.3, NCHH), 3.06 (1 H,
ddd, J 14.0,8.4,7.5,NCHH), 4.47 (1 H, s, Ph,CH), 6.27 (1 H, d,
J7.4),6.82(3H,m),6.98(2H, m),7.14-7.41 (21 H, m) and 7.73
(2 H, d, J 6.8, aromatics); ¢ (100.6 MHz, CDCl;) 11.6, 21.9,
43.4, 56.6, 74.2, 76.0, 120.8, 125.2, 125.9, 126.7-128.9 (many
close peaks), 131.5, 132.5, 136.9, 137.0, 139.9, 140.5, 140.7,
148.1, 168.1, 168.9; m/z (APCI+) 652 (MH", 40%), 458 (93),
373 (46), 264 (100), 167 (34); found: C 84.66, H 5.68, N 2.20;
C4H3;NO; requires C 84.77, H 5.72, N 2.15.

Spiro|3,3-diphenyl-1-propylazetidin-2-one-4,3'-
[1]phenylindan|2]one] (19) and (20)

Diphenylketene (0.44 g, 2.27 mmol) was added via syringe
pump over 18 h, as a solution in dichloromethane (20 mL),
to a stirred mixture of propylisocyanide (0.16 mL, 2.2 mmol),
isoprene (1.0 mL, 10 mmol) and chlorotrimethylsilane (10.0 mL,
1.0 M in dichloromethane, 10.0 mmol) in dichloromethane
(30 mL). On completion of addition, the mixture was allowed
to stir for an additional 24 h at RT and concentrated in vacuo.
Purification by column chromatography (silica, 10 : 1 petrol :
ether) afforded an inseparable mixture of the title compounds
(19 and 20 in a 2.6 : 1 ratio), a waxy solid (137 mg, 27%).
R; 0.31 (4 : 1 petrol : ether); v, (KBr)/cm™" 3060 w, 2961 w,
2931 w, 1755 s, 1494 m, 1448 m, 1390 m, 1304 w, 1090 s, 757
m, 745 m, 700 s; 4 (400 MHz, CDCL;) 0.89 3 H, t, J 7.3,
CH,;), 1.36-1.50 (2 H, m, CH,CH,), 3.01-3.36 (2 H, m, CH,N),
4.75 (0.72 H, s, PA\CHCO [in 19]), 4.80 (0.28 H, s, Ph\CHCO
[in 20]), 6.55-6.65 (1 H, m), 6.72-6.83 (2 H, m), 6.90 (3 H,
m), 7.10-7.39 (11 H, m) and 7.50-7.60 (2 H, m, aromatics); d¢
(100.6 MHz, CDCl;) [asterisked resonances are attributable to
the minor isomer, 20] 11.6, 11.7*, 21.7, 21.8*, 42.9, 43.1%*, 56.1,
57.2*,71.3, 78.2, 126.5-130.0 (many close peaks), 135.6, 136.5,
137.1,137.2,139.3,169.2, 209.8; m/z (APCI+) 458 (MH*, 92%)),
264 (100); accurate mass: found: 458.2119; C;,H,sNO, (MH")
requires: 458.2120.

N-Hepta-4,6-dienyl formamide (23)

To a stirred solution of 1-iodohepta-4,6-diene (6.0 g, 27 mmol)
in DMF (10 mL) was added sodium diformylimide (3.08 g,
32.4 mmol) and the mixture heated at 100 °C for 48 h. The hot
reaction mixture was poured into water and allowed to cool.
The mixture was extracted with chloroform (3 x 50 mL) and
the combined organic phases concentrated in vacuo. The residue
was dissolved in ethanol (10 mL) and KOH (0.1 g, 1.79 mmol)
added. The mixture was stirred for 2 h at RT and concentrated
in vacuo. Purification by column chromatography (silica, 1 : 2
petrol : ethyl acetate) gave the title compound (23) as a colourless
oil (2.83 g, 75%). R; 0.23 (1 : 1 petrol : ethyl acetate); v, (thin
film)/cm™" 3286 s, 3040 s, 2936 s, 2864 s, 1656 s, 1542 s, 1441 s,
1385, 1243 s, 1005 5,953 m, 900 s, 756 w; dy (400 MHz, CDCl,)
1.37 (2 H, app. quin, J 7.3, CH,CH,N), 1.88 (2 H, app. q, J
7.3, CHCH=), 3.08 (2 H, app. q, J 6.7, CH,NH), 4.92 (1 H, d,
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J 10.1, (E)-H7), 5.06 (1 H, d, J 17.1, (2)-H7), 5.47 (1 H, dt, J
13.1,6.8, H4), 5.99 (1 H, dd, J 13.1, 10.5, H5), 6.26 (1 H, ddd, J
17.1, 10.5, 10.1, H6), 6.56 (1 H, br s, NH), 8.01 (1 H, s, CHO);
Jc (100.6 MHz, CDCl;) [major rotamer] 29.5, 30.3, 37.9, 115.5,
132.4, 134.4, 137.8, 161.6; m/z (APCI+) 140 (MH*, 100%), 127
(13), 112 (11); accurate mass: found: 140.1077; CsH,,NO (MH*)
requires: 140.1075.

7-Isocyanohepta-1,3-diene (24)

Phosphorus oxychloride (2.42 mL, 26 mmol) in THF (20 mL)
was added dropwise to a stirred solution of amide 23 (3.25 g,
23.3 mmol) and triethylamine (16.3 mL, 117 mmol) in THF
(80 mL) keeping the temperature between 0 and 5 °C. The
mixture was stirred for a further 2 h at 0 °C and then carefully
quenched with water. The organic layer was separated and the
aqueous layer extracted with ether (3 x 50 mL). The combined
organic phases were dried (Na,SO,) and concentrated in vacuo.
Purification by distillation afforded the title compound (24) as a
colourless, evil-smelling 0il (2.13 g, 75%). Bp 50 °C at 0.1 mmHg;
Vimay (thin film)/cm™" 2952’5, 2148 s, 1653 m, 1604 m, 1450 s, 1351
m, 1006 s, 954 s, 904 s, 824 w; oy (400 MHz, CDCl;) 1.75-1.83
(2 H, m, CH,CH,N), 2.27 (2 H, app. q, J 7.2, CH,CH=), 3.40
(2 H, tt, J 6.7, 2J\u 2.0, CH,N), 5.03 (1 H, d, J 10.0, (E)-H1),
5.15(1 H, d, J 16.4, (2)-H1), 5.63 (1 H, dt, J 14.8, 7.2, H4),
6.13 (1 H, dd, J 14.8, 10.6, H3), 6.31 (1 H, ddd, J 16.4, 10.6,
10.0, H2); d. (100.6 MHz, CDCl;) 28.4, 28.9, 40.7 (t, ' Jxc 6.0),
116.1, 131.9, 132.8, 136.6, 155.9 (t, 'Jxc 5.5); m/z (APCI+) 122
(MH", 100%); accurate mass: found: 122.0971; C;H,,N (MH*)
requires: 122.0969.

N-[3-(5-Methylfuran-2-yl)propyl] formamide (25)

To a stirred solution of 2-(3-chloropropyl)-5-methylfuran
(10.0 g, 63.1 mmol) and sodium iodide (21.0 g, 140 mmol)
in DMF (80 mL) was added sodium diformylimide (11.4 g,
120 mmol) and the mixture was heated at 100 °C for 48 h. The
hot reaction mixture was poured into water and allowed to cool.
The mixture was extracted with chloroform (3 x 50 mL) and
the combined organic phases concentrated in vacuo. The residue
was dissolved in ethanol (50 mL) and KOH (0.1 g, 1.79 mmol)
added. The mixture was stirred for 2 h at RT and concentrated
in vacuo. Purification by column chromatography (silica, 1 : 2
petrol : ethyl acetate) gave the amide (25) as a colourless oil
(9.24 g, 88%). R; 0.10 (1 : 1 petrol : ethyl acetate); vy, (thin
film)/cm™" 3288 s, 3056 m, 2944 s, 1665 s, 1541 s, 1450 s, 1385 s,
1219 s, 1021 s, 783 s; d, (200 MHz, CDCl;) 1.83 (2 H, app.
quin, J 7.0, CH,CH,NH), 2.22 (3H, s, CH;), 2.61 2 H, t,J 7.5,
CH,furan), 3.31 (2H, app.q,J 7.0, CH,NH), 5.81-5.83 (1 H, m)
and 5.86 (1 H, d, J 3.0, furan), 6.10 (1 H, br s, NH), 8.13 (1 H,
d, J 1.5, NHCHO); 6. (50.3 MHz, CDCl;) 13.5, 25.3, 28.0,
37.6, 105.9 (two peaks), 150.5, 153.0, 161.3; m/z (APCI+) 168
(MH?*, 100%), 141 (24) 140 (80), 123 (27); accurate mass: found:
168.1029; Co,H,,NO, (MH") requires: 168.1025.

2-(3-Isocyanopropyl)-5-methylfuran (26)

Phosphorus oxychloride (4.87 mL, 51.8 mmol) in THF (25 mL)
was added dropwise to a stirred solution of amide 25 (7.88 g, 47.1
mmol) and triethylamine (32.8 mL, 0.24 mol) in THF (80 mL)
keeping the temperature between 0 and 5 °C. The mixture was
stirred for a further 1 h at 0 °C and then carefully quenched
with water (20 mL). The organic layer was separated and the
aqueous layer extracted with ether (3 x 50 mL). The combined
organic phases were dried (Na,SO,) and concentrated in vacuo.
Purification by distillation afforded the isocyanide (26) as a
colourless, evil-smelling oil (5.0 g, 71%). Bp 108 °C at 0.02
mmHg; v, (thin film)/cm™ 2957 m, 2925 m, 2149 s, 1570 m,
1450 m, 1287 w, 1219 m, 1020 m, 941 m, 784 s; dy (400 MHz,
CDCl;) 1.96-2.04 (2 H, m, CH,CH,NC), 2.26 (3 H, s, CHj),
2.76 (2 H, t, J 7.0, CH,furan), 3.42 (2 H, tt, J 6.4, *Jyu 1.8,
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CH,NC), 5.87-5.88 (1 H, m) and 5.93 (1 H, d, J 2.8, furan); d
(100.6 MHz, CDCl,) 13.5, 24.6, 27.7, 40.7 (t, 'Jxc 6.5), 105.9,
106.7, 151.0, 151.5, 156.1 (t, 'Jnc 5.5); m/z (GCMS, EI+) 149
(M*, 15%), 95 (100); accurate mass: found: 150.0921; C,H,,NO
(MH*) requires: 150.0919.

Spiro|3,3-diphenyl-1-hepta-4,6-dienylazetidin-2-one-4,1'-
|2]diphenylacetoxy|3]phenylindene] (28)

Diphenylketene (0.39 g, 2.01 mmol), as a solution in
dichloromethane (10 mL), was added over 24 h via syringe pump
to a stirred solution of isocyanide 24 (0.24 g, 1.98 mmol) in
dichloromethane (300 mL). The mixture was allowed to stir for
a further 24 h and concentrated in vacuo. Purification by column
chromatography (silica, 10 : 1 petrol : ether) afforded the title
compound (28) as a pale yellow oil (31.1 mg, 7%). R; 0.22 (4 :
1 petrol : ether); vy, (thin film)/cm™"' 2925 w, 1754 s, 1600 w,
1494 m, 1449 m, 1150 m, 1096 s, 1004 m, 746 m, 697 s, 5311;
Oy (400 MHz, C¢Dy) 1.33-1.44 (1 H, m) and 1.45-1.54 (1 H, m,
CH,CH,N), 1.66-1.79 (2 H, m, CH,CH=), 2.83 (1 H, ddd, J
14.4,8.4,5.2) and 3.27 (1 H, ddd, J 14.4, 8.4, 6.8, CH,N), 4.65
(1 H, s, CHPh,), 4.89 (1 H, d, J 10.2, (E)-H7), 5.01 (1 H, d, J
16.8, (2)-H7), 5.29 (1 H, dt, J 14.7, 7.0, H4), 5.86 (1 H, dd, J
14.7,10.8, H5), 6.19 (1 H, ddd, J 16.8, 10.8, 10.2, H6), 6.40 (1 H,
d, J 7.2),6.66 (1 H,t, J7.2),6.87-7.16 (22 H, m), 7.30 (3 H,
d, J 8.4) and 7.97 (2 H, d, J 7.6, aromatics); dc (100.6 MHz,
CDCl;) 27.9, 30.0, 41.2, 56.6, 74.2, 76.0, 115.1, 120.9, 125.3,
125.9, 126.7-129.0 (complex, many close peaks), 129.9, 130.1,
131.5 (two peaks), 132.4, 132.6, 133.6, 134.9, 136.9 (two peaks),
137.0, 137.1, 137.6, 139.9, 140.4, 140.8, 148.0, 168.1, 168.9; m/z
(APCI+) 704 (MH*, 20%), 510 (100), 373 (23), 316 (30), 167 (10);
accurate mass: found: 704.3178; Cs;,H,,NO; (MH*) requires:
704.3165.

Spiro[3,3-diphenyl-1-(3-(5-methylfuran-2-yl)propyl)azetidin-2-
one-4,1’-|2]diphenylacetoxy[3]phenylindene] (29)

Diphenylketene (0.39 g, 2.01 mmol), as a solution in
dichloromethane (10 mL), was added via syringe pump over
24 h to a stirred solution of isocyanide 26 (0.15 g, 0.99 mmol)
in dichloromethane (200 mL). The mixture was allowed to stir
for a further 24 h and concentrated in vacuo. Purification by
column chromatography (silica, 4 : 1 petrol : ether) afforded the
title compound (29) as a colourless oil (50.1 mg, 10%). R; 0.52
(1:1 petrol : ether); vy, (thin film)/cm=" 3060 w, 2922 w, 1758 s,
1495 w, 1449 m, 1396 m, 1080 w, 1022 w, 737 w, 704 m, 668 w; Jy
(400 MHz, CDCl;) 1.62-1.70 (2 H, m, CH,CH,N), 2.21 (3 H,
s, CH,), 2.45 (2 H, app. t, J 7.8, CH,furan), 2.74 (1 H, ddd, J
14.0, 8.0, 6.4) and 3.17 (1 H, ddd, J 14.0, 8.0, 6.4, CH,N), 4.48
(1 H, s, Ph,CH), 5.74 (1 H, d, J 2.8) and 5.79-5.80 (1 H, m,
furan), 6.27 (1 H, d, J 7.2), 6.80-6.87 (3 H, m), 6.93-6.95 (2 H,
m), 7.15-7.17 (3 H, m), 7.21-7.39 (18 H, m) and 7.73 (2 H, d,
J 6.8, aromatics); d¢ (100.6 MHz, CDCl;) 13.5, 25.6, 27.0, 41.2,
56.6, 74.2, 76.0, 105.7, 105.8, 120.8, 125.3, 126.0, 126.7-129.1
(complex, many peaks), 131.5, 132.6, 136.9 (two peaks), 139.9,
140.4, 140.8, 148.0, 150.3, 152.9, 168.1, 168.9; m/z (ESI+) 1486
(M,Na*, 12%), 754 (MNa*, 100), 732 (MH*, 67); accurate mass:
found: 732.3105; C5;;H,,NO, (MH"*) requires: 732.3114.

Spiro|3,3-diphenyl-1-(2-furan-2-ylethyl)azetidin-2-one-4,3'-
[1]phenylindan|2]one] (30) and (31)

Diphenylketene (0.87 g, 4.48 mmol) was added via syringe
pump over 24 h, as a solution in dichloromethane (10 mL),
to a stirred solution of isocyanide 27 (180 mg, 1.49 mmol)
in dichloromethane (100 mL). On completion of addition the
mixture was allowed to stir for an additional 24 h at RT and
concentrated in vacuo. Purification by column chromatography
(silica, 3 : 1 petrol : ether) afforded the title compounds (30) and
(31) as an inseparable mixture of diastereomers (ratio, 3.5 : 1),
a viscous oil (280 mg, 37%). R; 0.27 (4 : 1 petrol : ether); V.





(thin film)/cm™" 3057 w, 2928 w, 1759 s, 1495 m, 1449 m, 1395
m, 1078 w, 735 m, 701 m; o (400 MHz, CDCl,) 2.77-2.86 (1 H,
m) and 2.90-3.10 (1 H, m, CH,furan), 3.28-3.40 (1 H, m) and
3.45-3.65 (1 H, m, CH,N), 4.76 (0.22 H, s, PhCH [in 31]), 4.78
(0.78 H, s, PhCH [in 30]), 6.05 (0.22 H, d, J 3.2, furan [in 31]),
6.12 (0.78 H, d, J 3.0, furan [in 30]), 6.25 (0.22 H, dd, J 3.2,
1.6, furan [in 31]), 6.29 (0.78 H, dd, J 3.0, 2.0, furan [in 30]),
6.39 (1 H, d, J 8.0), 6.77-7.34 (17 H, m) and 7.51 (2 H, app.
d, J 6.4, aromatics); ¢ (100.6 MHz, CDCI;) [asterisked peaks
are attributable to the minor isomer, 31; some of the 4° carbon
resonances are unassignable to 30 or 31] 27.1, 39.5%, 40.0, 56.0%,
57.2,71.5, 78.4, 106.5, 110.2, 125.8, 126.5, 126.8-129.2 (many
peaks), 130.1, 130.2, 135.5, 135.9, 136.3, 136.6, 136.8, 136.9,
137.0, 139.3, 141.1, 141.4, 152.1 (two peaks), 169.2, 169.3*,
209.7*, 210.4; m/z (ESI+) 1041 (M,Na*, 21%), 647 (62), 532
(MNa*, 47), 510 (MH*, 100); accurate mass: found: 510.2066;
C3;sHxxNO; (MH") requires: 510.2069.
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