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Two novel tyrosinase mediated drug delivery pathways have been investigated for the selective delivery of

cytotoxic units to melanocytes from urea and thiourea prodrugs. The synthesis of these prodrugs is reported, as well
as oximetry data that illustrate that the targets are substrates for tyrosinase. The stability of each of the prodrugs

in (i) phosphate buffer and (ii) bovine serum is discussed, and the urea prodrugs are identified as lead candidates for
further studies. Finally, HPLC studies and preliminary cytotoxicity studies in a melanotic and an amelanotic cell line,

that illustrate the feasibility of the approach, are presented.

Introduction

Melanocyte-Directed Enzyme Prodrug Therapy (MDEPT) is
an acronym coined for a prodrug strategy directed towards
the treatment of melanoma.! MDEPT differs from some other
enzyme prodrug therapies such as Antibody-Directed Enzyme
Prodrug Therapy (ADEPT)? in that the activating enzyme,
tyrosinase, necessary for drug release is naturally expressed
within the host and does not need to be artificially introduced.
This therefore overcomes a major drawback of some current
prodrug delivery systems that require the delivery of sufficient
non-mammalian enzyme to the tumour site, as well as prodrug
activation in a selective manner, for effective therapy. It has
been reported that when melanocytes become malignant, the
genes expressing tyrosinase become up-regulated, resulting in
a marked increase in the tyrosinase levels within the cancer-
ous cells.* Thus, since tyrosinase is naturally present in the
tumour and virtually absent from other cells it provides an
in-built drug delivery mechanism that will be selective for
melanoma tumours over both healthy cells and normal, healthy
melanocytes. A number of tyrosinase dependent prodrug strate-
gies have been investigated for the treatment of melanoma.>*
For example, non-toxic phenol and catechol prodrugs have
been oxidised by tyrosinase to afford toxic quinones within
the vicinity of melanoma tumours.* Initial studies within the
MDEPT strategy have also illustrated that tyrosinase can
be utilised to mediate the release of a cytotoxic agent from
carbamate and urea prodrugs via a cyclisation—drug release
mechanism.'

+ This paper is dedicated to Professor S. V. Ley on the occasion of his
60th birthday.
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In this paper we wish to describe our recent work in this
area that has involved the synthesis of further classes of urea
and thiourea prodrugs that rely on complementary tyrosinase
mediated pathways for drug release. An analysis of the ability
of the prodrugs to act as tyrosinase substrates and release cyto-
toxic units upon exposure to tyrosinase, in vitro, is also presented.
A nitrogen mustard (aniline N-mustard) has been selected
as the cytotoxic agent for selective delivery since N-mustards
have been approved for the clinical treatment of melanoma,’
and have also been incorporated within ADEPT strategies.®
Moreover, it has been demonstrated that alkylating agents can
be administered repeatedly with less induced resistance than
other classes of anticancer drugs.” The tyrosinase substrates and
the cytotoxic unit are connected within the prodrugs via urea or
thiourea linkages, to probe the stabilities of the different linkages
in vitro.

The general structure of the first class of prodrugs is illustrated
in Fig. 1.

The trigger units, 4-aminophenol or 4-amino-2-hydroxy-
phenol, were found to be substrates for tyrosinase by oximetry,
oxidising at 70% of the rate of the oxidation of L-tyrosine, the
natural substrate for tyrosinase. It was hypothesised that the
prodrugs could be activated via the mechanism described below
in Scheme 1. Since the onset of drug release will be dependent
upon tyrosinase activation, this approach should allow drug
release solely within the melanoma tumour.

Preliminary results suggesting the feasibility of this approach
have recently been reported from our laboratory where we have
illustrated that amines can be liberated from ureas derived
from 4-aminophenol, upon exposure to tyrosinase—this has
culminated in the development of novel enzyme labile protecting
group methodology.?
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Structures of novel prodrugs for use within MDEPT: Series 1.
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Scheme 1 Proposed drug release pathway.

The general structure of the second group of prodrugs is
displayed in Fig. 2.
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Fig. 2 Structures of novel prodrugs for use within MDEPT: Series 2.

The release mechanism for this series of prodrugs elaborates
a report that 6-aminodopamine is a good substrate for ty-
rosinase, with oxidation occurring to afford the corresponding
orthoquinone.” This orthoquinone then undergoes a rapid in-
tramolecular cyclization to initiate excision of the 6-substituent.
This study therefore sought to investigate whether the tyrosinase
mediated manipulation could be expanded to allow delivery of
a cytotoxic moiety to malignant melanocytes as illustrated in

Scheme 2.
D{JL

Tyrosinase

Results and discussion

Synthesis of the prodrugs

It was envisaged that syntheses of the urea and thiourea prodrugs
from both Series 1 and Series 2 could be achieved via reaction of
aniline N-mustard with isocyanates and isothiocyanates derived
from the trigger units (Scheme 3). The N-mustard (7) was
prepared according to multi-step literature procedures.'® Entry
to the urea prodrug (1) was achieved from isocyanate (9), which
was itself prepared in 96% yield by reaction of benzyl protected
phenol amine (8) with four equivalents of triphosgene for 2 h.
A sharp peak at 2267 cm™' in the IR spectrum, characteristic
of the isocyanate stretch was indicative of the formation of (9).
With isocyanate (9) available, coupling to the N-mustard (7)
was achieved by reaction in DCM under N, , to yield (10),
Scheme 3, in 50% yield. This was converted to prodrug (1)
in 81% yield by deprotection of the benzyl group using 10%
Pd/C and H, . In a similar fashion, amine (8) was converted
to the isothiocyanate derivative (11) using thiophosgene in
an excellent yield of 90%. Subsequent coupling to the N-
mustard (7) afforded thiourea (12) in 48% yield. However,
removal of the benzyl ether protecting group from (12) using
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Scheme 2 Proposed drug release pathway.
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Scheme 3 Synthesis of prodrug (1) and attempted synthesis of prodrug (2) via benzyl protected 4-aminophenol. (i) X = O, triphosgene, EtOAc,

reflux, 2 h, 96%; X
48%; (iii) Pd/C, H,, EtOAc, rt, 2 h, 81%.

=S, thiophosgene, EtOAc, rt, 2 h, 90%; (ii)) X = O, N-mustard (7), DCM, rt, 12 h, 50%; X

=S, N-mustard (7), DCM, rt, 24 h,

Org. Biomol. Chem., 2005, 3, 4002-4010






TBDMSO
HO 3
T ——C
NH
N 2

He (13)

Cl

eV Uens
N)LN
H H
(2)

B TBDMSO.
’ \©\
NCS

(14)

-

TBDMSO N
NJLN
H

H
(15)

Scheme 4 Synthesis of prodrug (2) via silyl protected 4-aminophenol. (i) TBDMSCI, imidazole, THF, rt, 90%; (ii) thiophosgene, DCM, reflux, 87%;

(iii) N-mustard (7), DCM, rt, 55%; (iv) TBAF, rt, 62%.

DDQ!" was unsuccessful and the starting material was instead
recovered.

An alternative protecting group for 4-aminophenol was
therefore employed—thus, 4-aminophenol was converted to
amine (13) by treatment with ferz-butyldimethylsilylchloride in
the presence of a weak base, imidazole, in 90% yield, Scheme 4.
Amine (13) was next converted to the thioisocyanate (14) by
reaction with thiophosgene, in 87% yield. Subsequent reaction
of (14) with the N-mustard (7) then afforded the protected
prodrug (15), in 55% yield. The deprotection of the silyl group
was achieved by using TBAF as a source of fluoride ions and
in this way the target prodrug (2) was obtained in 62% yield,
Scheme 4.

For comparative purposes, prodrug (1) was also synthesised
using the silyl protected 4-aminophenol starting material (13),
in an overall yield of 49%. This compared favourably with
the overall yield of 34% obtained when benzyl protected 4-
aminophenol (8) was utilised as the starting material.

Synthesis of the catechol analogue of (1), namely prodrug
(3), was achieved from commercially available amine (16). Thus
alcohol (16) was converted to silyl ether (17) in 65% yield using
TBDMSCI and a catalytic amount of DMAP. Silyl ether (17)
was then converted to the isocyanate (18), by treatment with
triphosgene, in 93% yield, and this was then coupled to the
N-mustard (7) to afford urea (19) in 71% yield. It was hoped
that (19) could then be deprotected using conc. HCI to afford
prodrug (3). These conditions, however, failed to deprotect
the methyl ether group even after prolonged reaction times,

HO H,

(16) (17)

Cl

MeO. i MeO
j@\ D\
N TBDMSO NH, TBDMSO

thus affording the partially deprotected target. Removal of the
methyl ether protecting group to afford the target prodrug (3)
was accomplished in 91% yield using BBr; at low temperature,
Scheme 5.

Synthesis of prodrug (4) required reaction of the commercially
available isothiocyanate (20) with N-mustard (7) to afford
thiourea (21) in 93% yield. Subsequent deprotection of the
methyl ether protecting groups, again with BBr;, afforded
prodrug (4) in 92% yield, Scheme 6.

Preparation of prodrugs (5) and (6) from Series 2 again
involved the coupling of protected isocyanate and isothiocyanate
derivatives (27) and (28) with aniline N-mustard (7) as illustrated
in Scheme 7. The isocyanate (27) and isothiocyanate (28) were
prepared by reaction of protected amine (26) with phosgene and
thiophosgene respectively.

Synthesis of amine (26) commenced with nitration of
dopamine (22) using sodium nitrite and a 20% solution of
sulfuric acid in water at 0 °C, according to the procedure of
Napolitano et al® Precipitation of the hydrogen sulfate salt
(23) occurred in the reaction vessel, and after filtration, washing
and drying, it could be isolated as a mustard coloured solid in
93% yield. Introduction of a Boc protecting group to amine
(23) using Boc,0O and NaOH in DMF proved low yielding
(typically 22%). However, use of Boc-ON" and NEt; in a
THF-H,O mixture allowed access to the desired Boc-protected
amine (24) in 59%. Subsequent acetyl protection of the catechol
moiety using Ac,O and pyridine proceeded well to afford nitro
derivative (25) in quantitative yield. Nitro reduction, to afford

MeO
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-
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H iv) MeO N
pol T n =B oN S A
)L TBDMSO N N
HO H H H H
(3)

Scheme 5  Synthesis of prodrug (3). (i) TBDMSCI, DMAP, NEt;, THF, rt, 65%; (ii) triphosgene, EtOAc, reflux, 93%; (iii) N-mustard (7), DCM, rt,

71%; (iv) conc. HCI, reflux, 77% then BBr;, DCM, —78 °C, 91%.
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Scheme 6 Synthesis of prodrug (4). (i) N-Mustard (7), DCM, rt, 93%; (ii) BBr;, DCM, 92%.
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Scheme 7 Synthesis of prodrugs (5) and (6). (i) NaNO,, H,SO,, H,O0, 93%; (ii) Boc-ON, NEt;, THF, H,0, 59%; (iii) Ac,O, pyridine, 100%; (iv) H,,
Pd/C, 70%; (v) thiophosgene or triphosgene (Y = S and O respectively); (vi) pyridine, rt, 16 h, Y = O, 63%, Y = S, 71% (all yields quoted over 2
steps); (vii) 2 M HCI, acetone, room temperature, 2-4 h, Y = O, 100%, Y = S, 67%.

amine (26) was first attempted using Raney nickel and hydrazine
but this resulted in a poor yield of formation of amine (26)
(25%) with some O-acetyl deprotection also occurring under
these reaction conditions. Hydrogenation of (25) over Pd/C
proved more effective, affording amine (26) in 70% yield after
purification by column chromatography. Amine (26) was next
converted to either the isocyanate (27) or isothiocyanate (28)
using triphosgene or thiophosgene respectively. The isocyanate
(27) and isothiocyanate (28) were then reacted with the N-
mustard (7) in pyridine at room temperature for 16 h to allow
entry to the protected urea (29) and thiourea prodrugs (30)
in synthetically useful yields. Removal of the acetate and Boc
protecting groups from (29) and (30) was easily achieved in good
to excellent yields for both targets upon treatment with 2 M HCI,
in acetone, without any decomposition of the resulting urea (5)
and thiourea (6) prodrugs.

Tyrosinase mediated processing of the prodrugs

Attention next focused on probing the ability of prodrugs (1)-(6)
to be processed by tyrosinase, to effect drug release. Although
human tyrosinase is not commercially available, mushroom-
derived tyrosinase (E.C. 1.14.18.1) can be readily obtained, and
so was utilised in this programme. Studies have shown that
mushroom tyrosinase is a good model for human tyrosinase
with the active sites of both mushroom and human tyrosinase
containing a common binuclear copper centre."?

When molecules act as substrates for tyrosinase, oxygen
is removed from the surrounding solution, and this can be
measured via oximetry. The rate of oxygen depletion corre-
lates with the tyrosinase-mediated oxidation of the substrates.
Oxidation of each prodrug (1)-(6) was therefore monitored
via oximetry and the rates of oxidation were compared with
that for a natural substrate of tyrosinase, namely L-tyrosine
(Ryx = 17 nanomoles/min). Prodrugs (1)-(4) showed very
similar oxidation profiles, and were oxidised at 70—-78% the rate
of oxidation of L-tyrosine. In contrast, prodrugs (5) and (6)
demonstrated slower oxidation profiles, and were oxidised at
50% and 25% of the rate of oxidation of L-tyrosine, respectively.
The relatively slow oxidation rates afforded by prodrugs (5) and

(6) contrasted with that obtained for 6-hydroxydopamine which
proved to be a better substrate for tyrosinase than L-tyrosine
(Ryx = 30 nanomole/min).

In addition to oximetry studies, HPLC studies were also
performed to assess the viability of the tyrosinase mediated
drug release protocol. Each prodrug was therefore solubilised
in phosphate buffer, treated with tyrosinase and the solution
analysed by HPLC for evidence of drug release. Table 1 displays
the results obtained and illustrates that whilst urea linked
prodrugs showed successful drug release, the thiourea linked
prodrugs proved less effective. This is in contrast with the
oximetry results that had suggested that both urea and thiourea
prodrugs (1)-(4) were good substrates for tyrosinase. It is
possible that drug release from prodrugs (2) and (4) was less
effective than expected due to the generation of an inhibitor
of tyrosinase—this hypothesis is supported by the observation
that phenylthiourea is an inhibitor of tyrosinase." It should be
noted that for the urea linked prodrugs, the efficiency of drug
release, as evidenced by the quantitative HPLC assays, reflected
the ability of the prodrugs to act as substrates for tyrosinase.
Thus drug release from the urea linked prodrugs (1) and (3) was
more effective than from prodrug (5).

Table 1 Tyrosinase mediated drug release studies

Prodrug ¢, Comment

1) 85 min Complete consumption of prodrug, and
generation of drug, was observed

2) — No evidence of drug release, even after 4 h.
Formation of a metabolite was observed, RT =
2.0 min. ¢, = 110 min

3) 58 min Complete consumption of prodrug, and
generation of drug, was observed

4) — Some drug release observed, but the major
components were two metabolites, RT = 1.8,
RT = 4.0 min

5) 100 min Slow release of drug is evident, with complete
drug release eventually being observed

(6) — No evidence for drug release, but instead

formation of a single metabolite is evident

Org. Biomol. Chem., 2005, 3, 4002-4010
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Table 2 Stability profiles for prodrugs (1)-(6)

Prodrug Phosphate buffer” Bovine serum®
(0] 100 65

2) 98 45

3) 99 98

4) 0, t,,, = 20 min 17, t,, = 110 min
5) 98 80

6) 96 0, t,,, = 10 min

“% of the prodrug remaining after 5 h.

In order to ensure that drug release was truly dependent on
tyrosinase, the stability of each prodrug in phosphate buffer, and
in bovine serum, was examined. Thus the prodrugs were exposed
to phosphate buffer or bovine serum, and the rate of undesirable
drug release was determined by HPLC analysis. The results of
these studies are illustrated in Table 2.

In all cases it was evident that the urea linked prodrugs (1), (3)
and (5) were of greater stability in aqueous and biological media
than the thiourea linked prodrugs (2), (4) and (6). This, together
with the tyrosinase mediated drug release data, suggested that
the urea prodrugs were better candidates for MDEPT than their
thiourea counterparts

The final stage of the study involved an analysis of the
cytotoxicity of the lead urea prodrugs (1), (3) and (5) in a
tyrosinase rich (FF1, 0.55 nM/min/mg protein) and tyrosinase
absent (A375) cell line.'>'® Pleasingly greater cytotoxicity was
evident in the tyrosinase rich cell line (IC5, = 10.2, 15.2 and
9.7 uM for (1), (3) and (5) respectively) than in the tyrosinase
absent cell line (IC5, = 20.2, 25.8 and 30.2 uM for (1), (3)
and (5) respectively). The N-mustard (7) exhibited an ICs,
of 1 uM in each cell line. These results therefore support
the hypothesis that tyrosinase can be utilised for the selective
release of a cytotoxic drug from the two new series of prodrugs
described herein. Whilst it is hypothesised that orthoquinones
are generated as intermediates in the proposed drug release
pathways, and orthoquinones are known to be cytotoxic, the
biological effect for the protocol described herein is likely to
be dominated by the DNA cross-linking properties of the N-
mustard thus released. This is due to the rapid reaction of
orthoquinones with cellular glutathione which, in the absence
of ancillary treatment to depress glutathione synthesis, makes it
difficult for the requisite quinone levels to be attained.*

Conclusions

In conclusion, the synthesis and analysis of a range of pro-
drugs derived from 6-aminodopamine and 4-aminophenol, of
potential use within MDEPT, has been described. Promising
results have been obtained that indicate that the urea prodrugs
(1), (3) and (5) are good leads for further studies. Future work
will seek to further increase the differential cytotoxicity of the
prodrugs within tyrosinase rich and tyrosinase absent cell lines
to maximise the impact of this targeted approach.

Experimental

All NMR spectra were recorded on a Bruker WM250, Bruker
AC250, Bruker Avance DPX 250, Bruker AMX400 or Jeol
AX400 spectrometer, using CHCl; as an internal standard
unless otherwise stated (7.26 ppm for 'H NMR, 77.0 ppm
for *C NMR). "*C spectra were recorded using Distortionless
Enhancement by Polarisation Transfer. Mass spectra were
recorded on a Fisons VG Autospec. Infra red spectra were
recorded on a Perkin-Elmer Paragon 1000 FT-IR spectrometer.
Melting points were determined using an Electrothermal digital
melting point apparatus, and are uncorrected.

HPLC was performed on a Perkin-Elmer 410 series LC pump
fitted with a Gilson 231 auto-sampler injector, using a LUNA
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C18 reverse phase column (250 mm x 4.5 mm). Compounds
were detected by UV at 254 nm. Method 1: 0 min H,O (100%),
5 min H,O (100%), 25 min MeCN (100%), 30 min MeCN
(100%), 35 min H,O (100%), flow rate 1 mL min~'. Method
2: 0 min H,O (100%), 5 min H,O (100%), 25 min 1,4-dioxane
(100%), 30 min 1,4-dioxane (100%), 35 min H,O (100%), flow
rate 1 mL min~'. Method 3: H,O-MeCN (3 : 7, v/v), flow
rate | mL min~'. Oximetry was performed using a YSI 5300
biological oxygen monitor, utilising a KCI electrolyte on a
membrane bound oxygen probe. Readings were recorded on an
ABB SE120 chart recorder operating at 1 cm min~' chart speed
and 10 mV sensitivity. Unless stated otherwise, all chemicals
and materials were obtained from the Sigma-Aldrich Chemical
Company, the B. D. H. Merck Chemical Company or Lancaster
Chemicals and were used as received. Silica gel for column
chromatography was obtained from Merck, with a pore diameter
of 6 nm.

4-Benzyloxyphenyl isocyanate (9)

Et;N (0.3 mL, 2.12 mmol) was added to a solution of 4-
benzyloxyaniline hydrochloride salt (0.5 g, 2.12 mmol) in EtOAc
(40 mL). The mixture was kept at 0-5 °C and triphosgene (2.5 g,
8.48 mmol, 4 eq.) was added. The reaction mixture was gradually
brought to reflux at 77 °C for 2 h. The progress of the reaction
was monitored by IR spectroscopy and TLC analysis. Excess
solvent was removed in vacuo and the crude product was flashed
through a short pad of SiO, to yield the pure product (9) as
a pale pink crystalline solid (0.48 g, 96%). Mp 59-60 °C (lit."”
59-61.5 °C); R; 0.54 (hexane-EtOAc, 7 : 3, v/v); '"H NMR: ¢
7.27-7.35 (SH, m, ArH), 7.03 (2H, d, J 9.0 ArH ‘0’ to NCO),
6.92 (2H, d, J 9.0 ArH ‘m’ to NCO), 5.07 (2H, s, OCH,); *C
NMR: § 155.6 (ArCOBn), 137.4 (ArCCH,), 127.8-129.0 (8 x
ArCH), 121.1 (NCO), 115.7 (2 x ArCH), 70.7 (CH,); IR (thin
film) vem™" 2267 s (NCO), 1243 s; m/z (CI) 91 (100%), 225 (M +
H, 30%); Found 225.0785. [C,,H,,NO, + H]* requires 225.0790.

1(4-Benzyloxy-3-{4-|bis<(2-chloroethyl)-amino]-phenyl} urea (10)

Benzylisocyanate (9) (0.4 g, 1.91 mmol) was dissolved in DCM
(40 mL) and freshly prepared N-mustard (7) (0.4 g, 1.91 mmol)
was added. The reaction mixture was left to stir for 12 h,
concentrated in vacuo and purified by column chromatography
(DCM-MeOH, 95 : 5, v/v) to yield the desired product (10) as
a white solid (0.43 g, 50%). Mp 114-116 °C; R; 0.38 (DCM-
MeOH, 95 : 5, v/v); '"H NMR: ¢ 7.36-7.39 (5H, m, ArHBn),
7.19-7.26 (4H, m, ArH, ‘0’ to urea), 6.95 (2H, d, J 9.0 ArH ‘0’
to OBn), 6.67 (2H, d, J 9.0 ArH, ‘0’ to NCH,CH,Cl), 6.39 (1H,
br, s, NH), 6.31 (1H, br, s, NH), 5.02 (2H, s, CH,), 3.73-3.78
(4H, m, 2 x CH,CH,Cl), 3.59-3.66 (4H, m, 2 x CH,CH,Cl);
BC NMR:§ 155.5 (ArCOBn), 152.4 (C=0), 137.9 (2 x ArCN
and ArCOBn), 128.1-129.3 (5 x ArCH), 126.0 (2 x ArCNH),
124.5 (4 x ArCH ‘0’ to urea), 116.2 (2 x ArCH ‘0’ to OBn),
113.5 (2 x ArCH ‘o’ to NCH,CH,Cl), 71.0 (CH,), 54.3 (2 x
CH,CH,(Cl), 41.1 (2 x CH,CI); IR (thin film) v cm™" 3321 s
NH, 3035, 2686 s, 2531 s, 1707 s, 1503 s, 1240 s and 908; m/z
(CD) 91 (100%), 200 (45%), 458 (M + H, *Cl, *Cl, 20%), 460
M + H, 3Cl, ¥Cl, 13%), 462 (M + H *Cl, ¥Cl, 2%); Found
458.1412. C,,H,5*CI,N;0, + H* requires 458.1403; Found C,
62.39; H, 5.52; N, 9.61. C,,H,;CI,N;0, requires C, 62.89; H,
5.50; N, 9.16%.

1-{4-[Bis-(2-chloroethyl)-amino]-phenyl }-3-(4-hydroxyphenyl)
urea (1)

Benzyl ether (10) (0.34 g, 0.742 mmol) was dissolved in EtOAc
(40 mL). Pd/C (10%) (0.15 g) was added and the suspension
degassed using a water aspirator. H, , was then added via
balloons and the reaction was left to stir for 2 h. The reaction
mixture was filtered through a pad of Celite® and the filtrate
was concentrated in vacuo to dryness. The residue was purified





by column chromatography (DCM-MeOH, 96 : 4, v/v) to give
(1) as a colourless powder (0.22 g, 81%). Mp 160-162 °C; R;
0.38, (DCM-MeOH, 95 : 5, v/v); "H NMR (MeOH-d,):  7.16—
7.09 (4H, m, ArH ‘o’ to urea), 6.71 (2H, d, J 9.0, ArH ‘0’ to
OH), 6.59(2H,d, /9.0, ArH ‘0’ to NCH,CH,Cl), 6.20 (1H,s, br,
NH), 6.13(1H, brs,NH), 5.15(1H, brs, OH), 3.60-365 (4H, m,
2 x CH,CH,Cl), 3.53-3.57 (4H, m, 2 x CH,CH,Cl); *C NMR
(MeOH-d,): 0 157.2 (ArCOH), 155.0 (C=0), 144.6 (ArCN),
132.6 (ArCNH), 131.1 (ArCNH), 124.1 (2 x ArCH ‘0’ to urea),
123.8 (2 x ArCH ‘0’ to urea), 116.8 (2 x ArCH ‘0’ to ArCOH),
114.5 (2 x ArCH ‘o’ to NCH,CH,Cl), 55.1 (2 x CH,CH,CI),
42.2 (2 x CH,CH,CI); IR (thin film) vem ™" 3321 br (OH), 1700s,
1575 s; m/z (CT) 260 (100%), 368 (M + H, *Cl, *Cl, 30%), 370
(M + H, *Cl, 7Cl, 18%), 372 (M + H ¥Cl, ¥'Cl 3%); Found
368.0924. [C,;H,y*CI,N;0, + H]* requires 368.0933; Found C,
54.45; H, 5.19; N, 10.91. C,;H,,CI,N;0, requires C, 55.45; H,
5.20; N, 11.40%; HPLC: tz 3.8 min (method 3).

4-Benzyloxyphenyl isothiocyanate (11)

Et;N (0.3 mL, 2.12 mmol) was added to a solution of 4-
benzyloxyaniline hydrochloride salt (0.5 g, 2.12 mmol) in EtOAc
(40 mL). The mixture was kept at 0-5 °C, and thiophosgene
(0.65mL, 8.48 mmol, 4 eq.) was added. The reaction was stirred
for 24 h at room temperature, filtered and concentrated in vacuo
to obtain a peach oil. Flash chromatography (hexane-EtOAc,
1:1, v/v) afforded 4-benzyloxyphenyl isothiocyanate (11) as a
pale peach crystalline solid (0.49 g, 96%). Mp 54-56 °C (lit."®
60 °C); R, 0.75 (hexane-EtOAc, 1 : 1, v/v); '"H NMR: 0 7.26—-
7.28 (SH, m, ArH), 7.10 (2H, d, J 9.0 ArH, ‘0’ to NCS), 6.84
(2H, d, J 9.0, ArH, ‘m’ to NCS), 4.98 2H, m, CH,); *C NMR:
0 158.1 (ArCOBn), 136.7 (ArCBn), 127.4-129.1 (8 x ArCH),
1242 (NCS), 116.2 (2 x ArCH ‘0’ to OBn), 70.7 (CH,); IR (thin
film) v cm™" 2176 (NCS); m/z (CI) 91 (100%), 241 (M*, 40%);
Found 241.0569. [C,,H,;NOS]* requires 241.0561.

1-(4-Benzyloxyphenyl)-3-{4-[bis-(2-chloroethylamino]-phenyl}
thiourea (12)

The N-mustard salt (7) (0.5 g, 1.63 mmol) was dissolved in
DCM (15 mL), and NEt; (0.46 mL, 3.28 mmol) and benzyl
isothiocynate (11) (0.4 g, 1.63 mmol) were added. The reaction
mixture was left to stir under N, , for 24 h. The reaction
was partitioned between DCM-H,O (1 : 1, 2 x 20 mL) and
the aqueous layer was extracted with DCM (2 x 20 mL).
The organic phases were collected and dried over MgSO, and
concentrated in vacuo to give a pale brown solid which was
purified by chromatography (hexane—EtOAc, 3 : 7, v/v) to afford
(12) (0.37 g, 48%) as a pale pink powder. Mp 114-116 °C; R;
0.67 (hexane-EtOAc, 3 : 7, v/v); 'H NMR: ¢ 7.30-7.35 (7H,
m, ArHBn, and ‘0’ to OBn), 7.22-7.14 (4H, m, ArH ‘0’ to
thiourea), 6.90 (2H, d, J 9.0 ArH ‘o’ to NCH,CH,Cl), 6.63 (1H,
br s, NH), 6.60 (1H, br s, NH), 4.99 (2H, s, CH,), 3.71-3.79
(4H, m, 2 x CH,CH,Cl), 3.58-3.62 (4H, m, 2 x CH,CH,Cl);
BCNMR: ¢ 181.6 (C=S), 158.5 (ArCO), 137.5 (2 x ArCN and
ArC), 136.9 (2 x ArCNH), 128.4-128.5 (5 x ArCHBn), 127.8-
127.9 (4 x ArCH ‘0’ to thiourea), 116.0 (2 x ArCH ‘0’ to OBn),
112.7 (2 x ArCH ‘0’ to NCH,CH,Cl), 70.7 (CH,), 53.9 (2 x
CH,CH,(l), 40.6 (2 x CH,CH,Cl); IR (thin film) vem™" 3351 s
(NH), 2060, 1697, 1576, 1237, 1142, 967 and 919; m/z (CI) 475
(M + H, *Cl, ¥Cl 25%), 477 (M + H, *Cl, 7Cl, 15%), 479
(M + H Cl, 7Cl 2%); Found 475.1168. [C,H,s*CL,N,0S +
HJ* requires 475.1208.

4-(tert-Butyldimethylsilanyloxy)-phenyl aniline (13)

To a solution of imidazole (2.0 g, 29 mmol) and 4-aminophenol
(2.0 g, 18.3 mmol) in THF (50 mL) was added tert-butyldimethyl
silyl chloride (3.6 g, 24 mmol) with rapid stirring at room
temperature. A white precipitate formed immediately. After
30 min the reaction mixture was poured onto H,O (150 mL)

and extracted with Et,O (2 x 50 mL). The organic extracts were
combined, dried over MgSO,, and concentrated in vacuo to give
a dark yellow oil. This was purified by column chromatography
(EtOAc-hexane, 1 : 1, v/v) to give the pure product (13) as a
brown oil (3.7 g, 90%). R; 0.38 (hexane-EtOAc, 1 : 1, v/v); '"H
NMR:J 6.51 (2H, d, J 9.0, ArH ‘o’ to NH,), 6.42 (2H, d, J 9.0,
ArH ‘m’ to NH,), 3.21 (2H, br s, NH,), 0.81 (9H, s, ‘Bu), 0.10
(6H, s, 2 x CH;); "C NMR: ¢ 148.6 (ArCOTBDMS), 140.7
(ArCNH,), 121.1 (2 x ArCH ‘0’ to OTBDMS), 116.7 (2 x
ArCH ‘m’ to OTBDMYS), 26.1 (3 x CHs;), 18.5 (CCH;), —4.0
(2 x CH;); IR (thin film) v cm~" 3300 (NH,), 2268 (NCO); m/z
(CI) 224 (M + H, 100%); Found 224.1467. [C|,H, NOSi + H]*
requires 224.1471.

4-(tert-Butyldimethylsilanyloxy)-phenyl isothiocyanate (14)

4-(tert-Butyldimethylsilanyloxy)-phenyl aniline (13) (0.5 g,
2.24 mmol) was dissolved in DCM (20 mL) and cooled in ice.
Thiophosgene (0.7 mL, 8.96 mmol) was added dropwise whilst
stirring then the solution was gradually brought to reflux at
37 °C under an inert atmosphere for 2 h. The reaction mixture
was cooled to room temperature and concentrated in vacuo,
to give a crude yellow product. Flash column chromatography
(hexane-EtOAc, 7 : 3, v/v) yielded the pure product (14) as a
pale yellow o0il (0.52 g, 87%). R; 0.39 (hexane-EtOAc, 7: 3, v/v);
'HNMR: 6 691 (2H, d, J 9.0, ArH ‘0’ to NCS), 6.60 (2H, d,
J 9.0 ArH ‘m’ to NCS), 0.79 (9H, s, ‘Bu), 0.01 (6H, s, 2 x
CH;); "CNMR:§ 155.3 (NCS), 127.3 (2 x ArCH ‘0’ to NCS),
126.9 (2 x ArCOTBDMS and ArCNCS), 121.4 (2 x ArCH ‘m’
to NCS), 26.0 (3 x CH,;), 18.6 (CCH;), —4.0 (2 x CH;); IR
(thin film) vem™ 2106 s, 1501; m/z (CI) 265 (M* 100%); Found
265.0960. [C,;H,;,NOSSI]* requires 265.0957.

1-{4-[Bis-(2-chloroethyl)-amino]-phenyl }-3-(4-hydroxyphenyl)
thiourea (2)

To the silyl ether thiourea (15) (210 mg, 0.422 mmol) in
anhydrous THF (10 mL) was added Bu,NF (1 M in THF,
0.42 mL). After 45 min, the solution was concentrated and
purified by flash chromatography (hexane-EtOAc, 5 : 2, v/v)
to afford the desired product (2) as a pale peach crystalline solid
(100 mg, 62%). Mp 104-105 °C; R; 0.25 (hexane-EtOAc, 5 : 2,
v/v); 'TH NMR (MeOH-d,): 6 7.75 (2H, br s, 2 x NH), 7.12—
6.92 (4H, m, ArH ‘0’ to thiourea), 6.69 (2H, d, J 9.0, ArH
‘o’ to OH), 6.51 (2H, d, J 9.0, ArH ‘o’ to NCH,CH,Cl), 5.04
(1H, br s, OH), 3.60-3.69 (4H, m, 2 x CH,CH,Cl), 3.49-3.54
(4H, m, 2 x CH,CH,Cl); *CNMR (MeOH-d,): ¢ 182.6 (C=S),
157.6 (ArCOH), 146.8 (ArCN), 132.5 (2 x ArCNH), 129.0 (4 x
ArCH ‘o’ to thiourea), 116.9 (2 x ArCH ‘0’ to OH), 113.9 (2 x
ArCH ‘o’ to ArCNCH,CH,CI), 54.9 (2 x CH,CH,CI), 42.0
(2 x CH,CH,CI); IR (thin film) v cm~' 3351 br (OH), 1697,
1576; m/z (CI) 384 (M + H, ¥Cl, *Cl, 100%), 386 (M + H,
3Cl, YClL, 65%), 388 (M + H, 7Cl, ¥'Cl, 10%); Found 384.3229.
[C;H,s*CL,N;0S + H]* requires 384.3238; Found C, 52.98; H,
5.35; N, 10.46. C,;H,,Cl,N;0S requires C, 53.13; H, 4.98; N,
10.93%; HPLC: t; 4.0 min (method 3).

3-(tert-Butyldimethylsilanyloxy)-4-methoxyphenyl amine (17)

5-Amino-2-methoxyphenol (16) (2.0 g, 14.37 mmol) was dis-
solved in DCM (50 mL) and added to a solution of fert-
butyldimethyl silyl chloride (2.2 g, 14.37 mmol) in DCM
(10 mL). NEt; (2 mL, 14.37 mmol) was added, followed by
a catalytic amount of DMAP and the solution was stirred
rapidly. A white precipitate formed immediately. After 30 min
the reaction mixture was poured onto H,O (150 mL) and
extracted with Et,O (2 x 50 mL). The organic extracts were
combined, dried over MgSO,, and concentrated in vacuo to give
a dark yellow oil. This was purified by column chromatography
(EtOAc-hexane, 1.5 : 1, v/v) to give the pure product (17) as
a brown oil (2.38 g, 65%). R; 0.67 (hexane-EtOAc, 2 : 8, v/v);
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'H NMR: 6 6.52 (1H, d, J 8.0 ArH ‘0’ to OCH,;), 6.10-6.13
(2H, m, ArH ‘m’ to OCH,), 3.57 (3H, s, OCH;), 3.08 (2H, br, s,
NH,), 0.84 (9H, s, ‘Bu), 0.01 (6H, s, CH;); *C NMR: § 146.4
(COMe), 144.7 (COTBDMYS), 141.0 (CNH,), 114.7 (ArCH ‘o’
to OMe), 109.9 (CH ‘m’ to OMe), 108.6 (ArCH ‘m’ to OMe),
56.9 (OCH,;), 26.1 (3 x CH;), 18.8 (CCH;), —4.3 (2 x CH;); IR
(thin film) v cm™!' 3367 (NH), 2955, 2858 m (OMe), 1711; m/z
(CI) 254 (M + H, 100%); Found 254.1576. [C,;H,;NO,Si + H]*
requires 254.1577.

tert-Butyl-(5-isocyanato-2-methoxyphenoxy)-dimethylsilane (18)

Amine (17) (0.5 g, 1.98 mmol) was dissolved in EtOAc (20 mL)
and triphosgene (2.3 g, 7.90 mmol, 4 eq.) was added. The
reaction was gradually brought to reflux at 77 °C and was
monitored at this temperature for 2 h. The resultant mixture was
concentrated in vacuo and purified by column chromatography
(EtOAc-hexane, 7 : 3, v/v) to obtain the pure isocyanate (18)
(0.51 g, 93%) as a dark brown oil. R; 0.77 (EtOAc-hexane, 7 : 3,
v/v); '"HNMR: ¢ 6.61-6.78 (3H, m, ArH), 3.63 (3H, s, OCH),
0.84 (9H, s, ‘Bu), 0.02 (6H, s, 2 x CH;); *C NMR: ¢ 149.7
(COMe), 145.9 (COTBDMS), 131.0 (ArCN), 126.3 (NCO),
118.2-118.0 (3 x ArCH), 56.1 (OCHs;), 26.0 (3 x CH,;), 18.8
(CCH;), —4.3 (2 x CH;); IR (thin film) v cm™' 3325, 2859
(OCH;), 2273 (NCO), 1520, and 841.

1-{4-[Bis-(2-chloroethyl)-amino]-phenyl }-3-[3-terz-
butyldimethylsilanyloxy)-4-methoxyphenyl] urea (19)

N-Mustard (7) (0.5 g, 1.63 mmol) was dissolved in DCM (15 mL)
and NEt; (0.34 mL, 2.45 mmol) was added. The reaction
mixture was stirred for 5 min, then the protected isocyanate
(18) (0.45 g, 1.63 mmol) was added and the mixture stirred
for 24 h. The resulting mixture was partitioned between H,O—
DCM and then purified by chromatography (EtOAc-hexane, 7 :
3, v/v) to obtain (19) (0.6 g, 71%) as a very pale yellow liquid.
R; 0.65 (hexane-EtOAc, 3 : 7, v/v); '"H NMR: 6 7.03 (2H, d,
J 9, ArH ‘m’ to NCH,CH,Cl), 6.61-6.71 (3H, m, | x ArH
‘0’ to OCH; and 2 x ArH ‘o’ to NCH,CH,Cl), 6.50 (2H, d,
J 9, ArH ‘m’ to OCH,;), 6.05 (1H, br s, NH), 6.04 (1H, br s
NH), 3.62 (3H, s, OCH}), 3.59-3.40 (8H, m, 2 x CH,CH,Cl),
0.83 (9H, s, ‘Bu), 0.01 (6H, s, 2 x CH;); "C NMR: ¢ 150.1
(C=0), 149.5 (COMe), 141.1 (ArCOTBDMS), 140.0 (ArCN),
131.1 (ArCNH), 126.5 (ArCNH), 120.5 (2 x ArCH), 113.2 (2 x
ArCH), 112.9 (3 x ArCH), 56.2 (2 x CH,CH,Cl), 54.1 (OCH;),
40.8 (2 x CH,CH,Cl) 26.1 (3 x CH,), 18.8 (CCH;), —4.2 (2 x
CH,;); IR (thin film) v cm™" 3327 br, 1500 s, 1223 s, 898; m/z
(CI) 254 (100%), 512 (M + H, *Cl, ¥*Cl, 25%), 514 (M + H,
3Cl, Cl, 15%), 516 (M + H, *’Cl, ¥Cl, 3%); Found 512.1911.
[C,H35*CLLN;0,Si + H]* requires 512.1904.

1-{4-[Bis-(2-chloroethyl)-amino]-phenyl } -3-(3,4-
dihydroxyphenyl) urea (3)

Urea (19) (0.6 g, 1.17 mmol) was dissolved in the minimum
amount of conc. HCI and heated at reflux at 130 °C for 2 h.
The product was washed with water and extracted with DCM
(4 x 15mL). The organic extracts were combined and dried over
MgSQO,, filtered and concentrated in vacuo. The residue (0.35 g,
0.486 mmol) was dissolved in dry DCM and cooled to —78 °C
(dry ice—acetone) under a stream of nitrogen. Boron tribromide
(1.3 mL, 1 M solution in dichloromethane) was added slowly.
After the addition of boron tribromide, the pale yellow/green
solution was allowed to warm to room temperature over 4 h.
The reaction mixture was quenched by the addition of NaHCO;
(10%), extracted into dichloromethane (3 x 30 mL), dried over
MgSO, and the solvents removed in vacuo to produce a light
brown oil. This was purified by column chromatography (DCM-
MeOH, 9 : 1, v/v) to afford prodrug (3) as a pale mustard
solid (170 mg, 70% over 2 steps). Mp 112 °C; R; 0.37 (DCM-
MeOH, 9 : 1, v/v); '"H NMR (MeOH-d,): 6 7.69 (2H, d,
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J 9.0, ArH), 7.58 (2H, d, J 9.0, ArH), 7.01 (1H, t, J 2.0 ArH),
6.74 (2H, d, J 2.0, ArH), 4.04 (4H, t, J 13.0, 2 x CH,CH,CIl),
3.32 (4H, t, J 13.0, CH,CH,Cl); *C NMR (MeOH-d,): § 155.3
(C=0), 146.2 (ArCOH), 142.5 (ArCOH), 142.2 (ArCN), 132.0
(ArCNH), 131.1 (ArCNH), 123.1 (2 x ArCH), 121.3 (ArCH),
116.3 (ArCH), 113.1 (2 x ArCH), 109.9 (ArCH), 59.7 2 x
CH,CH,(l), 38.3 (2 x CH,CH,CI); IR (thin film) v cm™' 3422
br, 1642; m/z (CI) 384 (M + H, *Cl, *Cl, 55%), 386 (M + H,
3Cl, ¥Cl, 33%), 388 (M + H, ¥Cl, ¥Cl, 5%); Found 384.0881.
[C;H;s*CL,N;0;S + H]* requires 384.0882; HPLC: #; 4.0 min
(method 3).

1-{4-[Bis-(2-Chloroethyl)-amino]-phenyl-3-(3,4-
dimethoxyphenyl)-thiourea (21)

To a stirred solution of N-mustard salt (7) (0.5 g, 1.63 mmol)
and NEt; (0.5 mL, 3.26 mmol) in DCM was added 3, 4-
dihydroxyphenyl isocyanate (20) (0.22 g, 1.63 mmol). The
reaction was left to stir under an inert atmosphere until complete
disappearance of the NCO stretch in the IR spectrum was
observed, and total consumption of the N-mustard (7) was
evident by TLC analysis. After 1.5 days, the reaction was washed
with water, and extracted with DCM (30 mL). The organic
extracts were combined and dried over MgSO,, filtered and
concentrated in vacuo. The crude mixture was purified by column
chromatography (DCM-acetone, 7 : 1, v/v) to yield a colourless
powder which was crystallised from hot toluene to give (21)
as pale yellow crystals (0.63 g, 93%). Mp 104-107 °C; R; 0.4
(EtOAc-hexane, 6 : 4, v/v); '"H NMR (DMSO-d¢): 6 7.62 (2H,
brs, 2 x NH), 7.25 (2H, d, J 9.0, ArH), 6.98 (1H, br s, ArH),
6.86 (2H, br s, ArH), 6.69 (2H, d, J 9.0, ArH), 3.88 (6H, s, 2 x
OCH,), 3.72-3.80 (4H, m, 2 x CH,CH,Cl), 3.44-3.52 (4H, m,
2 x CH,CH,Cl); "C NMR (DMSO-d,): ¢ 180.9 (C=S), 148.2
(ArCOMe), 145.4 (ArCOMe), 127.9 (ArCN and 2 x ArCNH),
118.2 (ArCH), 112.3 (ArCH), 109.9 (4 x ArCH), 56.1 (2 x
CH,CH,CI), 53.5 (2 x OCH,), 40.3 (2 x CH,CH,Cl); IR (thin
film) v em™" 1513; m/z (CI) 428 (M + H, *Cl, *Cl, 60%), 430
(M + H, *Cl, ¥Cl, 35%), 432 (M + H, 7'Cl, 'Cl, 6%); Found
428.0971. [CyH,;,*CLN;0,S + H]* requires 428.0967; Found C,
53.16; H, 5.40; N, 9.75. C,,H,;CI,N;0,S requires C, 53.27; H,
5.41; N, 9.80%.

1-{4-[Bis-(2-chloroethyl)-amino]-phenyl-3-(3,4-
dimethoxyphenyl)-thiourea (4)

The dimethoxy urea (21) (200 mg, 0.147 mmol) was dissolved in
dry DCM (6 mL) and cooled to —78 °C (dry ice—acetone) under
a stream of nitrogen. Boron tribromide (1.2 mL, 1 M solution
in dichloromethane) was added slowly. After the addition of
boron tribromide the pale yellow/green solution was allowed to
warm to room temperature over 4 h. The reaction mixture was
quenched with brine (10%), extracted into dichloromethane (3 x
30 mL), dried over MgSO, and the solvents removed in vacuo to
produce a light brown oil (184 mg, 98%). This was purified by
column chromatography (DCM-MeOH, 9 : 1, v/v) to afford (4)
as a pale mustard solid (174 mg, 92%). Mp 212-220 °C; R; 0.33
(DCM-MeOH, 9 : 1, v/v); '"H NMR (MeOH-d,): 6 9.23 (1H,
brs,OH),9.16 (1H, brs,OH),9.06 (1H, brs, NH), 8.80 (1H, brs,
NH), 7.32 (2H, d, J 9.0, ArH), 6.84 (1H, d, J 2.0, ArH), 6.56—
6.74 (4H, m, ArH), 3.79 (8H, br s, 2 x CH,CH,Cl); "C NMR
(MeOH-d,): 6 179.9 (C=S), 155.3 (ArCOH), 144.1 (ArCOH),
143.2 (ArCN), 131.0 (ArCNH), 129.5 (ArCNH), 126.7 (2 x
ArCH), 115.9 (ArCH), 115 (ArCH), 113.1 (ArCH), 111.9 (2 x
ArCH), 55.3 (2 x CH,CH,Cl), 41.5 (2 x CH,CH,CI); IR (thin
film) v em™' 3449 br, 1620; m/z (CI) 400 (M + H, ¥*Cl, *Cl, 40%),
402 (M + H, ¥*Cl,*Cl, 27%), 404 (M + H, ’Cl, *'Cl, 4%); Found
400.0661. [C;H,y*CI,N;0,S +H]* requires 400.0654; Found C,
49.53; H, 4.90; N, 9.75. C,;H,,CI,N;0,S-H, O requires C, 48.81;
H, 5.06; N, 10.04%; HPLC: f; 3.5 min (method 3).





N-tert-Butoxycarbonyl-6-nitrodopamine (24)

6-Nitrodopamine hydrogen sulfate salt (23)° (5.4 g, 18.2 mmol)
was suspended in THF-H,O (5 : 1 v/v, 60 mL) with triethy-
lamine (6.4 mL, 45.6 mmol). Boc-ON (5.39 g, 22.0 mmol)
was added and the reaction mixture was stirred at room
temperature for 24 h. The solvent was then removed under
reduced pressure and to the residue was added EtOAc (200 mL)
and MeOH (50 mL). This was then dried (MgSO,), filtered
and reduced to dryness. The crude product was purified by
column chromatography (DCM-MeOH, 96 : 4, v/v) to yield
amine (24) as a yellow solid (3.19 g, 59%). Mp 169-171 °C;
R; 0.45 (hexane-EtOAc, 1 : 1, v/v); '"H NMR (MeOH-d,): §
7.54 (1H, s, H5), 6.72 (1H, s, H2), 3.32 2H, t, J 6.8, CH,),
298 2H, t, J 6.9, CH,), 1.41 9H, s, 3 x CH;); "C NMR:
0 158.9 (NHCOO), 152.6 (ArC), 145.6 (ArC), 142.1 (ArC),
130.0 (ArC), 119.9 (ArCH), 113.8 (ArCH), 80.4 (C[CH;],),
42.2 (CH,), 35.4 (CH,), 29.2 (C[CH;];); IR (thin film) v cm™!
3401, 1674, 1455, 1394, 1368, 1329, 1286, 1161, 1018; Found C,
52.13; H, 6.03; N, 9.03. C;;H3N,O, requires C, 52.35; H, 6.08;
N, 9.39%.

2-Acetoxy-5-(2-tert-butoxycarbonylaminoethyl)-4-nitrophenyl
acetate (25)

N-tert-Butoxycarbonyl-6-nitrodopamine  (24)  (0.75 g,
2.51 mmol) was solubilised in pyridine (15 mL) and acetic
anhydride (0.52 mL, 5.53 mmol) was added. The reaction
mixture was stirred at room temperature for 16 h. DCM
(20 mL) and water (20 mL) were added to the reaction mixture
and the two phases were partitioned. The organic phase was
washed with water (20 mL), dried (MgSO,), filtered and reduced
to dryness. The product (25) was isolated as a waxy yellow solid
(834 mg, 88%). Mp 89-92 °C; R 0.57 (hexane-EtOAc, 1 : 1,
v/v); 'TH NMR: § 7.84 (1H, s, H5), 7.17 (1H, s, H2), 4.71 (1H,
bs, NHBoc), 3.38 (2H, q, J 6.8, CH,), 3.04 2H, t, J 6.9, CH,),
2.49 (6H, s, 2 x OCOCH;), 1.36 (9H, s, 3 x CH;); *C NMR:
0 169.0 (OCOCH;), 167.7 (OCOCH;), 156.3 (NHCOO), 146.6
(ArC), 146.1 (ArC), 141.1 (ArC), 133.9 (Ar(C), 127.7 (ArCH),
121.3 (ArCH), 79.9 (C[CH;];), 41.1 (CH,), 33.8 (CH,), 28.7
(C[CH;]), 21.0 (OCOCH,), 20.9 (OCOCH;); IR (thin film)
v em™' 1778, 1649, 1530, 1436, 1371, 1273, 1199, 1145; m/z
(FAB) 405 (45%, M + Na), 327 (90), 283 (100); Found 405.1262.
C,;H,,N,04Na requires 405.1274.

2-Acetoxy-5-(2-tert-butoxycarbonylaminoethyl)-4-aminophenyl
acetate (26)

2-Acetoxy-5-(2-tert-butoxycarbonylaminoethyl)-4-nitrophenyl
acetate (25) (1.40 g, 3.66 mmol) was solubilised in MeOH
containing 10% palladium on carbon (90 mg). The mixture
was stirred under an atmosphere of hydrogen for 2 h and
then filtered through a short pad of Celite. The filtrate was
reduced to dryness and the crude product was purified by
column chromatography (hexane—EtOAc, 1 : 1). The product
(26) was obtained as a yellow oil that crystallised on standing
(0.9 g, 70%). Mp 140-142 °C; R; 0.37 (hexane—EtOAc, v/v);
'H NMR (MeOH-d,): ¢ 6.80 (1H, s, HS), 6.53 (1H, s, H2),
321 2H, t,J 7.5 CH,), 2.66 2H, t, J 7.5, CH,), 2.23 (3H, s,
OCOCH,), 2.22 (3H, s, OCOCH,;), 1.45 9H, s, 3 x CH;);
“C NMR (MeOH-d,): ¢ 173.9 (OCOCH;), 173.2 (OCOCH,),
161.6 (NHCOO), 148.6 (ArC), 145.4 (ArC), 137.3 (ArC), 128.2
(ArC), 125.6 (ArCH), 113.6 (ArCH), 83.0 (C[CH;];), 43.5
(CH,), 35.3 (CH,), 31.7 (C[CH;],), 23.4 (2 x OCOCH,); IR
(thin film) v cm™' 2526, 1762, 1646, 1508, 1448, 1376, 1216,
1098; m/z (FAB) 375 (25%, M + Na), 352 (100), 310 (42), 297
(27); Found 352.1634. C,;H,,N,Oq requires 352.1634; Found C,
57.91; H, 6.84; N, 7.87. C;;H,,N,O, requires C, 57.94; H, 6.86;
N, 7.95%.

2-Acetoxy-4(3-{4-[bis-(2-chloroethyl) amino]phenyl }ureido)-5-
(2-tert-butoxycarbonylaminoethyl)phenyl acetate (29)

Amine (26) (150 mg, 0.43 mmol) was solubilised in DCM
(4 mL) and cooled to 0 °C. Triphosgene (0.27 mL, 0.57 mmol
of a 20% solution in toluene) was added dropwise, followed
by the addition of triethylamine (0.13 mL, 0.94 mmol). The
reaction mixture was stirred at 0 °C for 1 hour before the
addition of aniline mustard dihydrochloride salt (7) (143 mg,
0.47 mmol) and pyridine (2 mL). The reaction was stirred at
room temperature for 16 h, diluted with DCM (10 mL), dried
over MgSO,, filtered and the filtrate reduced to dryness. The
crude residue was purified by column chromatography (hexane—
EtOAc, 1: 1, v/v) toyield the pure product (29) as a brown foam
(163 mg, 63%). R; 0.56 (Hexane-EtOAc, 1 : 1, v/v); '"H NMR
(MeOH-d,): ¢ 8.76 (1H, bs, NH-urea), 8.30 (1H, s, H6), 7.73
(1H, bs, NH-urea), 7.40 (2H, d, J 9.0, 24rH), 6.92 (1H, s, H3),
6.75 (2H, d, J 9.0, 2ArH), 5.35 (1H, t, J 6.0, NHBoc), 3.74-
3.60 (8H, m, 4 x CH,), 3.20-3.11 (2H, m, CH,), 2.78 (2H, t,
J8.0,CH,),2.28 (3H, s, OCOCH,),2.27 (3H, s, OCOCH,), 1.56
(9H, s, 3 x CH;); "C NMR (MeOH-d,): 6 169.1 (OCOCH;),
168.9 (OCOCH,), 158.4 (NHCOO), 153.4 (NHCOO), 141.4
(ArQC), 137.1 (ArC), 136.3 (Ar(C), 132.4 (ArC), 124.3 (ArCH),
123.8 (ArCH), 121.6 (ArCH), 114.6 (ArCH), 114.1 (ArCH),
81.5 (C[CH;)y), 54.6 (2 x CH,),40.7 (2 x CH, + ArCH,), 33.1
(CH,N), 29.0 (C[CH;];), 21.1 (2 x OCOCH;); IR (thin film)
v em™' 3380, 2977, 1769, 1705, 1661, 1597, 1516, 1421, 1367,
1201, 1104, 1013; m/z (FAB) 633 (15%, M + Na), 610 (21),
511 (7), 154 (100); Found 610.1979. C,xH3xN,O,Cl, requires
610.1961; Found C, 54.01; H, 6.07; N, 9.11. C,xH3;N,0,Cl,
requires C, 54.98; H, 5.95; N, 9.16%.

2-Acetoxy-4-(3-{4-[bis-(2-chloroethyl) amino]phenyl} thioureido)-
5-(2-tert-butoxycarbonylaminoethyl)phenyl acetate (30)

Amine (26) (200 mg, 0.57 mmol) was solubilised in DCM (4 mL)
and cooled to 0 °C. Thiophosgene (43 L, 0.57 mmol) was added
dropwise, followed by the addition of triethylamine (0.17 mL,
1.25 mmol). The reaction mixture was stirred at 0 °C for 1 hour
before the addition of aniline mustard dihydrochloride salt (7)
(191 mg, 0.62 mmol) and pyridine (2 mL). The reaction was
stirred at room temperature for 16 h, diluted with DCM (10 mL),
dried over MgSQ,, filtered and the filtrate reduced to dryness.
The crude residue was purified by column chromatography
(DCM-MeOH, 96 : 4, v/v) to yield the pure product (30) as a
red/brown foam (252 mg, 71%). Mp 89-94 °C; R; 0.78 (DCM-
MeOH, 9 : 1, v/v); 'TH NMR (MeOH-d,): § 8.20 (1H, bs, NH-
urea), 8.30 (1H, s, H6), 7.49 (1H, bs, NH-urea), 7.25 (2H, d,
J 9.0, 2ArH), 7.20 (1H, s, H3), 6.60 (2H, d, J 9.0, 2ArH), 4.84
(1H, bs, NHBoc), 3.64 (4H, 2 x t, J 6.5, 2 x CH,), 3.54 (4H,
2 xt J70,2 x CH,), 3.24 (2H, q, J 7.0, CH,), 2.70 (2H,
t, J 7.0, CH,), 2.20 (6H, 2 x s, 2 x OCOCH;), 1.32 (9H, s,
3 x CH;); C NMR: § 181.9 (NHCOO), 168.6 (OCOCHj;),
168.5 (OCOCH,), 158.3 (ArC), 146.2 (ArC), 1349 (ArC +
NHCSNH), 129.0 (ArC), 125.3 (ArCH), 124.0 (ArC), 112.6
(ArCH), 80.4 (C[CH;];), 53.9 (2 x CH,), 40.7 2 x CH, +
ArCH,), 34.0 (CH,N), 28.7 (C[CH;];), 21.1 (2 x OCOCH,); IR
(thin film) vem~' 3344, 2977,1772, 1695, 1613, 1517, 1455, 1367,
1207, 1013; m/z (FAB) 649 (30%, M + Na), 625 (95), 571 (55);
Found 626.1742. C,H3,N,O¢SCl, requires 626.1733; Found C,
52.92; H, 5.73; N, 9.03. C»xH3N,O4SCl, requires C, 53.79; H,
5.78; N, 8.92%.

1-[2-(2-Aminoethyl)-4,5-dihydroxyphenyl]-3-{4-[bis-(2-
chloroethyl) amino]-phenyl }urea (5)

Urea (29) (100 mg, 0.16 mmol) was solubilised in acetone (4 mL)
and heated to reflux with 6 M HCl (2 mL) for 4 h. After
removal of the solvent by lyophilisation, the pure product (5)
was obtained as a red/brown solid (104 mg, 100%). Mp 98 °C;
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R;0.19 (MeCN-H,0, 94 : 6, v/v); '"HNMR (MeOH-d,): 0 7.62
(2H,d, J9.0,2ArH),7.33(2H,d, J9.0,2ArH), 6.84 (1H, s, H6),
399 (4H, t, J 6.5,2 x CH,), 3.74 (1H, s, H3), 3.66 (4H, 2 x t,
J6.5,2xCH,),3.15(2H,t,J7.5,CH,),2.89(2H, t,J 7.5, CH,);
BCNMR (MeOH-d,): 6 157.4 NHCONH), 146.4 (ArC), 146.3
(ArC), 145.8 (ArC), 129.1 (ArC), 125.1 (ArC), 122.6 (ArCH),
122.1 (ArC), 117.8 (ArC), 116.1 (ArCH), 59.6 (2 x CH,), 41.5
(2 x CH,), 39.2 (ArCH,), 30.4 (CH,NH); IR (thin film) v cm™"
2531, 2361, 1645, 1558, 1515, 1456, 1319, 1221; m/z (FAB) 467
(54%, M + K), 427 (100), 233 (35), 209 (33); Found 427.1302.
CoH,sN,O;Cl, requires 427.1304; Found C, 42.76; H, 5.33; N,
9.92. C,yH»sN,O;Cl,-3HCl requires C, 42.52; H, 5.08; N, 10.44%;
HPLC: #; 21.1 min (method 1), 23.6 min (method 2).

1-[2-(2-Aminoethyl)-4,5-dihydroxyphenyl]-3-{4-[bis-(2-
chloroethyl) amino]-phenyl } thiourea (6)

Thiourea (30) (200 mg, 0.36 mmol) was solubilised in acetone
(4 mL) and heated to reflux with 6 M HCI (2 mL) for 4 h. After
removal of the solvent by lyophilisation, the pure product (6)
was purified by column chromatography (MeCN-H,O, 94 : 6,
v/v) toyield the pure product as a yellow solid (55 mg, 67%). Mp
226 °C; R;0.19 (MeCN-H,0, 94 :6,v/v); "HNMR (MeOH-d,):
0 7.25 (2H, d, J 9.0, 2ArH), 6.79-6.77 (3H, m, H6 + 2ArH),
6.71 (1H, s, H3), 3.81-3.68 (8H, m, 4 x CH,), 3.18 (2H, t,J 7.5,
CH,), 2.86 2H, t, J 7.5, CH,); "C NMR (MeOH-d,): ¢ 183.7
(C=S), 147.0 (ArC), 146.4 (Ar(C), 141.8 (ArC), 129.1 (ArC),
127.3(ArC), 118.1 (2 x ArCH), 117.9 (ArC), 117.6 (ArC), 113.9
(2 x ArCH), 54.9 (2 x CH,), 42.1 (2 x CH,), 41.6 (ArCH,),
30.6 (CH,NH); IR (thin film) v cm™' 2531, 2361, 1645, 1558,
1515, 1456, 1319, 1221; m/z (FAB) 523 (30%, M + 2H + 2K),
443 (75), 409 (20); Found 443.1070. C,,H,,N;0,SCl, requires
443.0997; HPLC: g 20.7 min (method 1), 22.9 min (method 2).

Oximetry studies. To a vigorously stirred solution of mush-
room tyrosinase (2.2 mL, 300 units, Sigma mushroom tyrosinase,
2060 units mg~') in phosphate buffer, pH 7.2, were added 100 pL
of a 10 mM solution of the compound under investigation.
Oxygen uptake was monitored using a YSI 5300 biological
oxygen monitor. Experiments were carried out at 37 °C in
triplicate.

Drug release studies. Tyrosinase (300 pL of a 2500 units
mL~" solution in phosphate buffer) was diluted with phosphate
buffer, pH 7.2 (700 uL) and incubated at 37 °C with the prodrug
(100 pL of a 10 mM solution in DMSO-phosphate buffer
(2 : 100, v/v; 700 uL)). At various intervals, the solution was
analysed by HPLC.

Chemical stability studies. The prodrug (100 uL of a 10 mM
solution in DMSO-phosphate buffer (2 : 100, v/v; 700 pL))
was incubated in phosphate buffer (900 pL, pH 7.2) at
37 °C. Aliquots (100 pL) were removed at various time intervals
and diluted with MeCN (500 pL) and analysed by HPLC.

Serum stability studies. The prodrug (100 pL of a 10 mM
solution in DMSO-phosphate buffer (2 : 100, v/v; 700 uL))
was incubated in phosphate buffer-adult bovine serum-RPMI
growth media (900 uL, 1:1:1,v/v/v)at37°C. Aliquots (100 uL)
were removed at various time intervals and diluted with MeCN
(500 pL) and analysed by HPLC.
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4-Hydroxy-5,5-dimethylimidazolines tethered at N-1 to an aryl sulfide undergo an unprecedented acid-catalysed
domino reaction, involving double methyl transposition, heterocyclisation, isomerisation of thiazetidinium ion and,
finally, n-cyclisation. In this way a one-pot synthesis of original tricyclic N,S-acetals was developed. The same
triheterocyclic products can be prepared also starting from the corresponding 5-hydroxy isomers (in this case the

cascade of reactions does not involve methyl transposition).

Introduction

Sequential processes that enable the easy access to complex
structures from simple building blocks in a single preparative
step are of high interest in organic synthesis, especially if they
allow the generation of biologically active compounds.'?

While the importance of N-acyliminium chemistry involving
olefinic and aromatic cationic cyclisations has been widely
demonstrated and reviewed extensively,® useful synthetic reac-
tions of the construction of carbon-heteroatom bonds mediated
by N-acyliminium ion species has been by far less explored,
but constitutes a novel and powerful strategy to access new
compounds as cyclic N,O-, N,N-, and N,S-acetals.*

Because we are interested in developing new reactions for
accessing libraries of original N,S-heterocyclic systems contain-
ing imidazolinone and benzothiazine skeletons with promis-
ing pharmaceutical activities, we have continued to explore
synthetic opportunities based on our recent reports dealing
with intramolecular heteroamidoalkylation.**™5 Although the
cationic cyclisation using a nitrogen and oxygen atom as internal
nucleophile has been mentioned,* the intramolecular use of a
sulfur nucleophile for trapping an N-acyliminium cation was
unprecedented before our previous work.®> The association of
this process in tandem with N-acyliminium isomerisation—m-
cationic cyclisation was reported, and led conveniently to sub-
stituted benzothiazoles and thiazines fused to an isoindolinone
nucleus.*” To the best of our knowledge the present application
of this cascade process, which would produce the central six-
membered and/or bridged ring systems as cyclic N,S-acetals
(types II-V: Fig. 1) starting from hydroxyimidazolidinone of
type I, represents a novel illustration of this chemistry. In fact,
the selection of the functionality N—-CH,-S in an imidazolinone
ring allows consideration of both endocyclic and/or exocyclic
N-acyliminium intermediates, which, if containing a moder-
ately activated aromatic ring and a sulfur atom, would acts
as effective m-aromatic and/or sulfur nucleophile scavenger.
Herein, we present the preliminary results of our finding on
this combination of double transposition-heterocyclisation—

1 Electronic supplementary information (ESI) available: detailed spec-
troscopic ("H and “C NMR and DEPT) data of all compounds in
Schemes 1 and 2. See DOI: 10.1039/b508214¢
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Fig. 1 All plausible targets structures via the cascade N-acyliminium
ion rearrangement-heterocyclisation—n-cationic cyclisation.

m-cationic cyclisation, a new mechanistic pathway to access
cyclic thiolactams. A cascade reaction is proposed, relying
on chemical and spectroscopic considerations, including X-ray
crystallography.

Results and discussion

The synthesis of the required hydroxyimidazolidinones of type
I (5) was accomplished in a four/five-step sequence as outlined
in Scheme 1. The commercially available 1-hydroxymethyl
derivative 1 was chlorinated quantitatively with thionyl chloride
and the resulting halide 2 was S-alkylated with slight excess of
aryl mercaptan in alkaline medium (41 to 86%).® Regioselective
reduction of the resulting imide (3a: R; = H), chosen as a
model substrate, was performed with a large excess of NaBH,
(6 mole equiv.) in analogy to reports by Hough er al® To
avoid the poor solubility of the imide 3a, in addition to the
laborious work-up encountered during this process, we have
anticipated that the conversion of 3a to the N-Boc protected
imide 4a could offer a better result by increasing the solubility of
hydroxyimidazolidinone substrate. So, treatment of 4a, obtained
by standard N-protection with the tandem Boc,O-DMAP
(quantitative yield),' under our reduction protocol (conditions
(v)) gave 5-hydroxyimidazolidinone Sa (R; = H, R, = Boc) in
89% yield.
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Scheme 1 Reagents and conditions: (i) SOCl, (3.0 mole equiv.),
CH,Cl,, 0 to 20 °C, 12 h, 100%; (ii) Ar—-SH (1.2 mole equiv.), MeONa
(1.2 mole equiv.), DMF, 20 °C, 12 to 24 h, 41 to 86%; (iii) Boc,0O,
DMAP,,, CH;CN or THF, 20 °C, 12 to 24 h, 54 to 100%; (iv) R,—X
(1.2 mole equiv.), K,CO; (1.2 mole equiv.), 18-C-6 (1% molar), KI
(0.1 mole equiv.), toluene, reflux, 24 h, 91% (R, = Me) and 97%
(R4 = Bn); (v) NaBH, (6 mole equiv.), EtOH, 20 °C, 12 to 48 h, 70
to 100%; (vi) TFA (1.5 mL for 1 mmol of 5-hydroxyimidazolidinone 5),
24 h, 21 to 92%; (vii) R,—X (1.2 mole equiv.), NaH (1.2 mole equiv.),
THEF, 20 °C, 60 h, 62% (R, = Me) and 58% (R, = Bn).

Analogous procedures (3 — 4 — 5) were used successfully
to afford elegantly Sc-i (R, = Boc), with other substituents
on different positions of the aromatic ring (see Table 1). In
addition, to measure the effect of the R, group, on both
reduction and cyclisation steps and to establish the generality
and versatility of our proposed cascade process, the N;-alkylated
imides 4j,k were elaborated successfully with high yields (91
and 97% yields, respectively) under PTC conditions. Their
reduction led to corresponding 5-hydroxyimidazolidinones 5j
and 5k in 89 and 84% yields, respectively. On the other hand, 4-
hydroxyimidazolidinones 10x (Rs = Et) and 10y (R5 = Bn) were
easily obtained in two steps from bromides 7x and 7y.* by N-
alkylation (63% and 73% yields, respectively (see Scheme 2))
and a sodium borohydride regioselective reduction (94 and
84% yields, respectively). Similarly, as shown in Scheme 3, 4-
hydroxyimidazolidinones 15j,]-n were obtained in two steps and
very good yields by S-alkylation of halide 13" and sodium
borohydride reduction.

In the outset of our investigations, the 5-hydroxyimida-
zolidinone Sa, as an N-acyliminium generator model, was
subjected to different acid conditions (entries 1-4). The obtained
results allowed us to select neat trifluoroacetic acid (TFA)
in precise proportion to substrate (1.5 mL for 1 mmol of
5) as the best cyclisation protocol (conditions D in Table 1).

Table 1 Cascade N-acyliminium isomerisation—n-cyclisation®
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Scheme2 Reagentsand conditions: (i) 7x,y (see ref. 6) (1.2 mole equiv.),
K,CO; (1.2 mole equiv.), 18-C-6 (1% molar), KI (0.1 mole equiv.),
toluene, reflux, 48 h, 63% (Rs = Et) and 73% (Rs; = Bn); (ii)) NaBH,
(6 mole equiv.), EtOH, 20 °C, 24 h, 94% (Rs = Et) and 84% (R; = Bn);
(iii) TFA (1.5 mL for 1 mmol of 4-hydroxyimidazolidinones 10), 24 h, 67
and 52%, respectively; (iv) PTSA,,, toluene, reflux, 48 h, 58%. (v) neat
TFA, reflux, 48 h, 67%.

R, HO Q
@iﬁ -l O
S AN S S s

6j,,m,n 154,,m,n © 14j1,m,n O
Product Rj R\3 s SH o o] /
6)  Ro=H ’ N -
6l)  Rs=0-Br g \|6N~ 2 . N |

Ry=0-MeO N 4NT< SR VN
R3=m,p-MeO 0] 3 0]
J 12iLmn 13

Scheme 3 Reagents and conditions: (i) 13 (1.0 mole equiv.) Ar-SH
(1.2 mole equiv.), MeONa (1.2 mole equiv.), DMF, 20 °C, 12 to 24 h,
66 to 85% (R; = H (12§), R; = 0-Br (12l), R; = 0-MeO (12m), R; =
m.p-MeO (12n)); (ii) NaBH, (6 mole equiv.), EtOH, 20 °C, 12 to 48 h, 69
to 95%; (vi) PTSA,, toluene, reflux, 48 h, 58%. (vii) neat TFA, reflux,
48 h, 67%; (iii)) TFA (1.5 mL for 1 mmol of 4-hydroxyimidazolidinones
15), 24 h, 44 to 100%.

In these acid conditions, the cyclised product, identified as the
unexpected imidazolo[1,3]benzothiazine 6a, was isolated as a
crystalline material in 56% yield. From this result, its seems
that the reaction did not occur by direct cyclisation but by a
cascade process in one-pot procedure. This tricyclic product was
obtained also in 92% of yield from 5b (R; = R, = H) under the
same conditions. These preliminary attempts revealed also that

Entry Reactant® R, R, Method Product® (R,) Yield (%)
1 5a H Boc A 6a (H) 4
2 5a H Boc B 6a (H) 4
3 5a H Boc C 6a (H) ¢
4 5a H Boc D 6a (H) 56
5 5a H H D 6a (H) 92
6 5c¢ 0.Br Boc D 6c (H) 21
7 5d 0-MeO Boc D 6d (H) 29
8 5¢/ m-MeO Boc D 6e (H) 77
9 st p-MeO Boc D 6f (H) a

10 5g p-Cl Boc D 6g (H) a

11 5h f-Naphth Boc D 6h (H) 61

12 5i m,p-MeO Boc D 6i (H) 55

13 5§ H Me D 6j (Me) 87

14 5k H Bn D 6k (Bn) 95

“Reagents and conditions: Method A: PTSA,,, toluene, reflux, 24 h; Method B: BF;.Et,0O (2.0 mole equiv.), CH,Cl,, 20 °C, 24 h; Method C: TFA
(2.0 mole equiv.), CH,Cl,, 20 °C, 24 h; Method D: (see conditions (vi) in Scheme 1) TFA, 24 h. ® The substrates 5a and 5c-i have group R, =
Boc. Importantly, it should be noted that the Boc group is lost during the cyclisation process and consequently when R, = Boc in substrate 5 it
becomes H in product 6 after the cyclisation reaction. ¢ Chromatographically pure compounds.  Only the thiophenol was isolated. ¢ The unprotected
starting material as 5-hydroxyimidazolidinone (Sb) was recovered and was accompanied with the disulfur namely, 4-phenylthio-1-phenylthiomethyl-
5,5-dimethylimidazolidin-2-one. / In the case of the m-methoxy derivative 6e (entry 8), the reaction was performed with total regioselectivity in favor

of the 2-position of the benzene ring.
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only the thiophenol (entries 1, 2) or the 4-phenylthio-1-phenyl-
thiomethyl-5,5-dimethylimidazolidin-2-one (entry 3) resulting
from the cleavage of the thioether linkage, followed by its attack
or not of the iminium intermediate, were isolated in protocols
A, B and C, respectively.

Having established the capacity of 5-hydroxyimidazolidin-
ones 5a,b to provide a cascade process in forming unusual
six-membered N,S-heterocyclic complex systems, we sought to
determine if this novel mechanistic paradigm might be extended
to other aromatic substituents. Significant structural variation
in the m-aromatic system can also be realized. Importantly, the
reaction appears quite tolerant with respect to the substituent at
the benzene ring o-, m- and m,p-positions (entries 6-8, 11, 12).
While reasonable yields (55 to 77%) are obtained with the m-
and m,p-positions (entries 8, 11, 12), the o-substitution (entries
6, 8), was characterized with low yields which do not exceed
whatever the attempts, 29%.'% This yield dramatically falls to
0% (entries 9, 10) when the benzene ring was para-substituted.
This clearly demonstrates the impact of electronic influence of
the benzene moiety on the kinetic of the reaction. Unexpectedly,
the introduction of alkyl substituent at N; on the imidazolidine
moiety proved to have a beneficial effect on the yield of the
reaction, which may be attributed to an increased nucleophilic
character of the sulfur atom (Table 1, entries 13, 14).

The assignment of all structures reported herein was made on
the basis on their IR, NMR ('H and "*C experiments including
NOE difference and DEPT programs, respectively), and GC-
MS spectra. In the case of solids, their elemental analyses were
also performed. So, the '"H NMR spectra of imides 3 and 4
showed a methylene groups as a singlet with the chemical shifts
values of about 6 = 4.73-5.00 ppm for 3 and from ¢ = 4.45—
4.94 ppm for 4, respectively. The same methylene protons in
N-CH,-S functionalities of the 5-hydroxyimidazolidinones 5
and the cyclic N,S-acetals 6 appear as an AB system due to the
diastereotopic effect with a coupling constant of J = 13-15 Hz
for 5and J = 12-17 Hz for benzothiazines 6 characteristic of gem
protons. Interestingly in the latter case we found that coupling
constant J = 17 Hz for the majority of the tricyclic N,S-acetals
6 excepted for compounds 6e (8-MeO benzene substituent), 6h
(naphthalene derivative) and 6i (6,7-MeO benzene substituent)
in which J = 12-13 Hz. This result is in corroboration with
the chemical displacement values of the angular carbon “C,,
in the ORTEP drawing, see Fig. 3 for example” (0 = 61.2—
65.0 ppm) in the *C NMR spectra compared to the same
one in the N,S-acetal derivatives 6 bearing other substituents
(0 = 67.5-69.3 ppm).

Fig. 2 A molecular structure of imidazobenzothiazine 6a derived
from X-ray crystallographic data. Arbitrary numbering of atoms, 50%
probability ellipsoids.

Likewise, the *C NMR spectra of the cyclic N,S-acetal
products 6 reveled the presence of an additional quaternary
carbon in the aromatic region as the consequence of the
cyclisation process. Furthermore an important shielding of the
angular carbon of components 6 was observed (0 = 61.2—
69.3 ppm instead of the range 83.4 to 84.8 ppm for the same

Fig. 3 A molecular structure of imidazobenzothiazine 6j derived
from X-ray crystallographic data. Arbitrary numbering of atoms, 50%
probability ellipsoids.

carbon in their 5-hydroxyimidazolidinones 5 congeners) which is
due to the proximity of the sulfur atom instead of the oxygen one.
These observations were also corroborated with similar results
outlined by us in recent reports for related structures. Finally,
the structures of products 6a.j were unequivocally confirmed by
single X-ray crystallographic analysis as shown by the ORTEP
drawing in Fig. 2 for imidazo[1,3]benzothiazine 6a and Fig. 3
for imidazo[1,3]benzothiazine 6j.

Additionally, structure confirmation of these thiazacyclic sys-
tems was performed by two approaches as highlight in Schemes 2
and 3. So, subjection of 4-hydroxyimidazolidinone 10y prepared
as outlined above (see also Scheme 2) to our established acid-
protocol, furnished the desired heterocyclic thiolactam 6a (52%
yield) by successive intramolecular thioamidoalkylation of the
acyliminium ion into the intermediate thiazinium salt I and
debenzylation (Scheme 2). In parallel experiments from 4-
hydroxyimidazolidinone 10x (Rs = Et), the reaction occurred
only when PTSA in catalytic amount was used (i.e. toluene,
reflux, 48 h). The product isolated in 58% of yield was identified
as imidazolone 11x which is the consequence of the simple
transposition of one methyl group.’

Taking into account that an enamidone function could
generate an N-acyliminium ion under acidic conditions, the
cyclisation of 11x into 6a was achieved under drastic conditions
in 67% yield (i.e. TFA, reflux, 48 h). This result showed that the
transformation of the imidazolone 11x into the azasulfonium
salt I and vice versa was accomplished in acid medium.

In the second pathway, the good nucleophilicity of the
sulfur atom was again explored. So, upon treatment with TFA
(conditions (iii), Scheme 3), 4-hydroxyimidazolidinone 15j gave
the desired cyclised product 6j (89% yield) via the m-cationic
cyclisation of the intermediate exocyclic N-acyliminium ion
J, which was obtained from the endocyclic one generated
under influence of acid via the cyclic azasulfonium ion.® This
sequence was generalized successfully and led to other new
cyclic thioactams as 61-n (Scheme 3). Additionally as illustrated
in Fig. 1, structures of 6b (R, = Boc), 6j (R, = Me) and 6k
(R, = Bn) were confirmed chemically by N-protection using
classical protocols with respectively Boc, methyl and benzyl
groups starting from 6a. Finally, structures of 6a and 6j were
proved by single X-ray crystallographic analysis, which are
identical to that in the ORTEP drawing in Fig. 2 and 3.

Scheme 4 represents a plausible mechanistic rationale for
the cascade process reported herein. Formation of the inter-
mediate C from 5-hydroxyimidazolidinones 5, by transposition
of one methyl group under acid, accounts for the literature
observations.” This intermediate, isolated when R; = H and
R, = Bn, is in equilibrium via the intermediacy of D with the
corresponding cation E which could also obtained directly when
15 was used as starting material. This cation E by successive
stepwise S-alkylation (F), isomerisation (J) and m-cyclisation
would ultimately lead to unusual cyclic N,S-acetals 6.

Org. Biomol. Chem., 2005, 3, 3937-3947
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Scheme 4 Proposed mechanisms to access thiazines 6 from 5 and 15.

Conclusion

In summary, a one-pot synthesis of complexes heterocyclic N,S-
acetals 6 was initiated by acid-catalysed rearrangement of 5-
hydroxyimidazolidinones 5 and 4-hydroxyimidazolidinones 10
and 15, respectively. During these transformations, it seems that
in the case of 4-hydroxyimidazolidinones 10 it is difficult to
introduce substituents in the aryl ring, while for 4-hydroxy-
imidazolidinones 15 it is difficult to prepare compounds with
R, = H. As a consequence, the pathway using 5-hydroxy-
imidazolidinones 5 as a cation source appears to be general,
easy to apply and gives moderate to good yields. In this work,
a cascade process including alkyl transposition, heterocyclisa-
tion, N-acyliminium isomerisation, and finally a n-cyclisation
was also established. Finally, the mechanistic aspect of these
transformations was also addressed.

Elsewhere, we are currently investigating rational design of
new hydroxyimidazolidinones as N-acyliminium ion precursors
bearing other Cs-substituents and heteroatoms than sulfur and
the application to multi-step synthesis, the results of which will
be published in due course.

Experimental
General remarks

Melting points are uncorrected. IR spectra of solids (potassium
bromide) were recorded on a Perkin Elmer FTIR paragon 1000
spectrophotometer. 'H and *C NMR spectra were measured on
a Bruker AC-200 and Bruker 300 instruments (200 and 300 MHz
respectively) and chemical shifts are reported relative to CDCl,
at 0 7.24 ppm (or to DMSO-d, at 0 2.49 ppm) and tetram-
ethylsilane as an internal standard. MS spectral measurements
were carried out on a AEI MS 902 S spectrometer (70 eV,
electron impact). Reagents were obtained from commercial
suppliers and used without further purification. Solvents were
dried and purified by standard methods. A Merck silica gel
60 was used for both column chromatography (70-230 mesh)
and flash chromatography (230-400 mesh). Ascending TLC was
performed on precoated plates of silica gel 60 F 254 (Merck)
and the spots visualized using an ultraviolet lamp or iodine
vapor. Elemental analyses (C, H, N) were performed by the
microanalysis laboratory of INSA at Rouen, F-76130 Mt-St-
Aignan, France.

1-Chloromethyl-5,5-dimethylhydantoin'> (2). To a stirred
solution, at room temperature, of 1-hydroxymethyl-5,5-
dimethylhydantoin (1, 23.7 g, 0.15 mol) in 50 mL of dry
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dichloromethane was added thionyl chloride (32.8 mL, 0.45 mol)
at 0 °C. After stirring for 12 h at room temperature, the solution
was concentrated under reduced pressure. The white solid was
filtered off and washed several times with dry cyclohexane to give
the suitable halide derivative 2 as a white solid in quantitative
yield; mp 123-125 °C (decomposition, see ref. 15); Found: C,
40.67; H, 5.21; N, 15.66. Calc. for C;H,CIN,O,: C, 40.81; H,
5.14; N, 15.86%; IR v,,, (KBr)/cm™' 3305 (NH), 1786 (C=0),
1727 (C=0); '"H NMR (300 MHz, CDCl;) ¢ 1.45 (s, 6H, 2 x
CH,), 5.26 (s, 2H, CH,), 6.86 (s broad, 1H, NH);"C NMR
(75 MHz, CDCl;) 6 24.8 (2 x CHs;), 45.5 (CH,), 59,3 (C), 154.3
(C,=0), 175.6 (C,=0); MS (m/z: E1) 176-178 (M*).

General procedure for S-alkylation of 1-chloromethyl-5,5-
dimethylhydantoin (2). To a stirred solution under an atmo-
sphere of dry nitrogen or argon of aryl mercaptan derivative
(6a, 0.024 mol) in 45 mL of dry DMF was added 1.3 g
(0.024 mol) of sodium methoxide. After stirring for 1 h at
room temperature, 1-chloromethyl-5,5-dimethylhydantoin (2,
3.52 g, 0.02 mol) in 15 mL of the same solvent was added
slowly dropwise over a period of 20 min. The mixture was
then allowed to react at ambient temperature for 12 to 24 h.
After cooling, the solution was poured onto cold water and the
precipitate formed was filtered off and air dried. The resultant
solid was then recrystallized from the solvent indicated to give
the hydantoin derivative 3 in moderate to good yields (41 to
86%). In the case of no solid was obtained, the aqueous solution
was extracted three times with diethyl ether (3 x 100 mL).
The combined organic layers was washed successively with
water, brine and dried over MgSO,. The organic phase was
concentrated under reduced pressure and the crude resulting
solid was purified by flash chromatography on silica gel with
a mixture of cyclohexane-AcOEt (4 : 1) as eluent to give
S-alkylated imide 3. Recrystallization from suitable solvent
afforded pure imide 3 in moderate to good yields (41 to 86%).

5,5-Dimethyl-1-phenylthiomethylhydantoin (3a). This prod-
uct was obtained as a white solid in 79% yield; mp 106 °C
(ethanol-diethyl ether); Found: C, 57.29; H, 5.38; N, 11.05.
Calc. for C,,H;N,0,S: C, 57.58; H, 5.64; N. 11,19%; IR vy,
(KBr)/em™" 3293 (NH), 1770 (C=0), 1720 (C=0); '"H NMR
(300 MHz, CDCl;) ¢ 1.27 (s, 6H, 2 x CHj;), 4.76 (s, 2H, CH,),
6.48 (s broad, 1H, NH), 7.21-7.28 (m, 3H, H,,,), 7.43-7.48 (m,
2H, H,,);"C NMR (75 MHz, CDCl;) § 25.0 (2 x CH,), 42.8
(CH,), 58.9 (C), 128.3 (CH,,,), 129.1 (2 x CH,,,), 132.6 (C,,-S),
133.3 (2 x CH,,), 155.3 (C,=0), 176.2 (C,=0O); MS (m/z: EI)
250 (M™).

1-(o-Bromophenyl)thiomethyl-5,5-dimethylhydantoin (3¢).
This product was obtained as a white solid in 71% yield; mp
91 °C (ethanol); Found: C, 43.60; H, 3.77; N, 8.53. Calc.
for C,H;;BrN,0,S: C, 43.78; H, 3.98; N, 8.51%; IR v,
(KBr)/em™ 3264 (NH), 1765 (C=0), 1714 (C=0); '"H NMR
(300 MHz, CDCl;) 6 1.26 (s, 6H, 2 x CH,), 2.59 (s broad, 1H,
NH), 4.80 (s, 2H, CH,), 7.03-7.20 (m, 2H, H,,,), 7.49-7.60 (m,
2H, H,,); "C NMR (75 MHz, CDCl;) 6 24.7 (2 x CHj), 41.8
(CH,), 58.7 (C), 127.9 (CH,,,), 128.0 (C,,—Br), 129.6 (CH,,,),
133.2 (CH,,), 133.7 (C,,-S), 1344 (CH,,), 155.0 (C,=0),
176.4 (C,=0); MS (m/z: EI) 328-329 (M*).

1-(0-Methoxyphenyl)thiomethyl-5,5-dimethylhydantoin (3d).
This product was isolated as a white solid in 41% yield; mp
126 °C (ethanol); Found: C, 55.45; H, 5.68; N, 10.05. Calc. for
C;HsN,OsS: C, 55.70; H, 5.75; N, 9.99%; IR v, (KBr)/cm!
3301 (NH), 1778 (C=0), 1720 (C=0); '"H NMR (300 MHz,
CDCly) 0 1.25(s, 6H, 2 x CH,), 3.92 (s, 3H, OCH,), 4.83 (s, 2H,
CH,), 6.16 (s broad, 1H, NH), 6.77-6.88 (m, 2H, H,,,), 7.29-7.41
(m, 2H, H,,); *C NMR (75 MHz, CDCl;) ¢ 24.9 (2 x CHj;),
40.4 (CH,), 55.9 (OCH,), 58.7 (C), 111.0 (CH,,,), 119.3 (C,.,-S),
120.6 (CH,,,), 130.7 (CH,,,), 135.9 (CH,,,), 155.5 (C,,,—O), 159.8
(C,=0), 176.4 (C,=0); MS (m/z: EI) 280 (M*).





1-(m-Methoxyphenyl)thiomethyl-5,5-dimethylhydantoin (3e).
This product was isolated as a white solid in 47% yield; mp
93 °C (diethyl ether); Found: C, 55.39; H, 5.61; N, 9.82. Calc. for
C;H(N,O;S: C, 55.70; H, 5.75; N, 9.99%; IR v, (KBr)/cm™"
3270 (NH), 1772 (C=0), 1720 (C=0); '"H NMR (300 MHz,
CDCl;) 6 1.50 (s, 6H, 2 x CHs), 3.94 (s, 3H, OCH,), 5.00 (s, 2H,
CH,), 6.07 (s broad, 1H, NH), 6.95 (dd, 1H, J = 2 and 8 Hz,
H,.), 7.20-7.40 (m, 3H, H,,,); *"CNMR (75 MHz, CDCl;)§ 24.9
(2 x CH,), 42.4 (CH,), 55.4 (OCH;), 58.9 (C), 114.2 (CH,,,),
117.5 (CH,,), 124.7 (CH,,,), 129.9 (CH,,,), 133.9 (C,..-S), 155.3
(Ciro—0), 159.8 (C,=0), 176.2 (C,=0); MS (m/z: EI) 280 (M*).

1-(p-Methoxyphenyl)thiomethyl-5,5-dimethylhydantoin  (3f).
This product was isolated as a white solid in 70% yield; mp
120 °C (ethanol-diethyl ether); Found: C, 55.41; H, 5.67; N,
9.86. Calc. for C3H¢N,0,S: C, 55.70; H, 5.75; N, 9.99%; IR v,
(KBr)/cm™' 3287 (NH), 1762 (C=0), 1715 (C=0); '"H NMR
(300 MHz, CDCl;) 6 1.32 (s, 6H, 2 x CH3;), 3.76 (s, 3H, OCHy,),
4.70 (s, 2H, CH,), 6.39 (s broad, 1H, NH), 6.80 (d, 2H, J =9 Hz,
H..,), 7.42 (d, 2H, J = 9 Hz, H,,,); "C NMR (75 MHz, CDCl;)
0 24.8 (2 x CHj;), 43.5 (CH,), 55.2 (OCH,), 58.7 (C), 114.5 (2 x
CH,,), 122.7 (C,,-S), 136.1 (2 x CH,,,), 155.4 (C,,,—0O), 160.1
(C,=0), 176.2 (C,=0); MS (m/z: EI) 280 (M*).

1-(p-Chlorophenyl)thiomethyl-5,5-dimethylhydantoin 3g).
This product was isolated as a white solid in 86% yield; mp
135 °C (ethanol); Found: C, 50.33; H, 4.50; N, 9.88. Calc.
for C,,H;;CIN,O,S: C, 50.61; H, 4.60; N, 9.84%; IR v,
(KBr)/cm™' 3292 (NH), 1770 (C=0), 1721 (C=0); '"H NMR
(300 MHz, CDCl;) 6 1.34 (s, 6H, 2 x CHj,), 4.80 (s, 2H, CH,),
5.87 (s broad, 1H, NH), 7.25 (d, 2H, J = 9 Hz, H,,,,), 7.44 (d,
2H, J = 9 Hz, H,,); "C NMR (75 MHz, CDCl,) ¢ 25.0 (2 x
CH,), 42.8 (CH,), 59.0 (C), 129.3 (2 x CH,,,), 131.2 (C,,,—Cl),
1344 (2 x CH,,,), 134.5 (C,,-S), 155.2 (C,=0), 176.2 (C,=0);
MS (m/z: EI) 284 (M*).

5,5-Dimethyl-1-(f-naphthyl)thiomethylhydantoin (3h). This
product was isolated as a white solid in 61% yield; mp 115 °C
(ethanol-diethyl ether—cyclohexane); Found: C, 63.80; H, 5.41;
N, 9.21. Calc. for C,;H(N,O,S: C, 63.98; H, 5.37; N, 9.33%;
IR vy (KBr)/cm™' 3287 (NH), 1786 (C=0), 1721 (C=0); 'H
NMR (300 MHz, CDCl;) 6 1.23 (s, 6H, 2 x CHj;), 4.90 (s,
2H, CH,), 6.50 (s broad, 1H, NH), 7.40-7.97 (m, 7H, H,,,); *C
NMR (75 MHz, CDClL;) ¢ 24.9 (2 x CH,), 42.5 (CH,), 58.9
(O), 126.6 (CH,,,), 126.7 (CH,,,), 127.6 (CH,,,), 127.9 (CH,,,),
128.8 (CH,,), 129.8 (CH,,,), 129.9 (C,,—C), 132.0 (CH,,,), 132.7
(Cio-S), 133.6 (C,,,—C), 155.2 (C,=0), 176.2 (C,=0); MS (m/z:
EI) 300 (M*).

1-(m,p-Dimethoxyphenyl)thiomethyl-5,5-dimethylhydantoin
(3i). This product was obtained as a white solid in 76% yield;
mp 99 °C (ethanol-cyclohexane); Found: C, 54.11; H, 5.69;
N, 9.00. Calc. for C,HsN,O,S: C, 54.18; H, 5.85; N, 9.03%;
IR v, (KBr)/cm™' 3337 (NH), 1781 (C=0), 1720 (C=0); 'H
NMR (300 MHz, CDCIl;) 6 1.29 (s, 6H, 2 x CHj), 3.80 (s, 3H,
OCH,), 3.82 (s, 3H, OCH,), 4.73 (s, 2H, CH,), 6.65 (s broad,
1H, NH), 6.70-6.75 (m, 1H, H,,,), 7.01-7.04 (m, 2H, H,,); *C
NMR (75 MHz, CDCl;) ¢ 24.8 (2 x CH,;), 43.3 (CH,), 55.8
(OCH;), 56.0 (OCH,), 58.7 (C), 111.2 (CH,,), 116.8 (CH,,),
123.2 (C,,-S), 126.9 (CH,,), 148.9 (C,,—0), 149.5 (C,,—0),
155.3 (C,=0), 176.2 (C,=0); MS (m/z: EI) 310 (M*).

General procedure for /N-protection of 1-arylthiomethyl-5,5-
dimethylhydantoin (3). To a stirred solution of dry acetonitrile
or THF (40 mL) under an atmosphere of dry argon containing 1-
arylthiomethyl-5,5-dimethylhydantoin (3, 0.012 mol) was added
in one portion Boc,O (3.14 g, 0.014 mol) and a catalytic amount
of DMAP. After being stirred at room temperature for 12 to
24 h (the reaction was monitored by TLC using precoated
plate of silica gel and CH,Cl, as eluent), the reaction mixture
was concentrated in vacuo. The crude resulting viscous oil was
purified by column chromatography on silica gel with a mixture

of cyclohexane-AcOEt (1 : 4) as eluent to give N-protected
imides 4 in quantitative yields.

3Butyloxycarbonyl-5,5-dimethyl-1-phenylthiomethylhydantoin
(4b). This product was obtained as a white solid in 100%
yield; mp 144 °C (cyclohexane); Found: C, 58.09; H, 6.08; N,
7.77. Calc. for C;H,N,O,S: C, 58.27; H, 6.33; N, 7.99%; IR
Vmx (KBr)/cm™' 1751 (C=0), 1742 (C=0), 1735 (C=0); 'H
NMR (300 MHz, CDCI;) 6 1.49 (s, 6H, 2 x CHj;), 1.53 (s, 9H,
3 x CH,), 4.85 (s, 2H, CH,), 7.27-7.30 (m, 3H, H,,,), 7.48-7.53
(m, 2H, H,,); "C NMR (75 MHz, CDCl;) § 23.1 (2 x CHjy),
28.2 (3 x CHs;), 43.2 (CH,), 63.2 (C), 84.4 (C(‘Bu)), 128.5
(CH,,), 129.2 (2 x CH,,), 132.5 (C,x-S), 133.1 (2 x CH,,),
148.4 (CO,'Bu), 155.9 (C,=0), 173.9 (C,=0).

1-(0-Bromophenyl )thiomethyl - 3-‘butyloxycarbonyl - 5,5 - di-
methylhydantoin (4c). This product was obtained as a white
solid in 98% yield; mp 89 °C (cyclohexane); Found: C, 47.39;
H, 4.76; N, 6.39. Calc. for C,;H,,BrN,O,S: C, 47.56; H, 4.93;
N, 6.52%; IR v, (KBr)/cm™' 1755 (C=0), 1736 (C=0), 1732
(C=0); '"H NMR (300 MHz, CDCl;) ¢ 1.51 (s, 6H, 2 x CH,),
1.53 (s, 9H, 3 x CHj;), 4.89 (s, 2H, CH,), 7.09-7.28 (m, 2H,
H,,), 7.56-7.65 (m, 2H, H,,); *C NMR (75 MHz, CDCl,) ¢
23.0 (2 x CH;), 28.0 (3 x CHj;), 42.3 (CH,), 63.0 (C), 84.3
(C('Bu)), 128.0 (CH,,), 128.2 (C,,—Br), 129.9 (CH,,,), 133.4
(CH,,), 133.5 (C,,-S), 134.6 (CH,,,), 148.3 (CO,'Bu), 150.6
(C,=0), 173.7 (C,=0).

3-'Butyloxycarbonyl - 1 - (0 - methoxyphenyl )thiomethyl - 5,5 -
dimethylhydantoin (4d). This product was obtained as a white
solid in 96% yield; mp 79 °C (diethyl ether-cyclohexane);
Found: C, 56.77; H, 6.12; N, 7.20. Calc. for C3sH,,N,O;S: C,
56.82; H, 6.36; N, 7.36%; IR vy, (KBr)/cm™ 1751 (C=0), 1736
(C=0), 1722 (C=0); '"H NMR (300 MHz, CDCl;) ¢ 1.42 (s,
6H, 2 x CH,), 1.52 (s, 9H, 3 x CHs;), 3.92 (s, 3H, OCH,), 4.86
(s, 2H, CH,), 6.77-6.88 (m, 2H, H,,,), 7.26-7.43 (m, 2H, H,,,);
BC NMR (75 MHz, CDCl;) 6 23.0 (2 x CHj), 28.2 (3 x CHj),
41.0 (CH,), 55.9 (OCH,), 63.0 (C), 84.2 (C(‘Bu)), 111.2 (CH,,,),
119.1 (C,,-S), 120.7 (CH,,,), 131.0 (CH,,,), 136.0 (CH,,,), 148.5
(CO,'Bu), 150.8 (C*,,—0), 159.9 (C,=0), 174.0 (C,=0).

3-'Butyloxycarbonyl - 1 - (m-methoxyphenyl )thiomethyl - 5,5 -
dimethylhydantoin (4e). This product was obtained as a white
solid in 100% yield; mp 82 °C (ethanol-diethyl ether); Found:
C, 56.69; H, 6.09; N, 7.17. Calc. for C;;H,,N,O;S: C, 56.82; H,
6.36; N, 7.36%; IR v, (KBr)/cm™ 1753 (C=0), 1737 (C=0),
1725 (C=0); '"H NMR (300 MHz, CDCl;) 6 1.51 (s, 6H, 2 x
CH,), 1.53 (s, 9H, 3 x CH,), 3.78 (s, 3H, OCH,), 4.87 (s, 2H,
CH,), 6.80 (dd, 1H, J = 2 and 8 Hz, H,,,), 7.04-7.08 (m, 2H,
H,.), 7.17 (dd, 1H, J = 2 and 8 Hz, H,,,); *C NMR (75 MHz,
CDCl;) 0 23.0 (2 x CH,), 28.1 (3 x CHj;), 42.8 (CH,), 55.4
(OCHy;), 63.1 (C), 84.3 (C('Bu)), 114.4 (CH,,,), 117.3 (CH,,),
124.6 (CH,,), 129.9 (CH,,), 133.7 (C,,-S), 148.4 (CO,'Bu),
150.7 (C,,—0), 159.9 (C,=0), 173.8 (C,=0).

3 -'Butyloxycarbonyl - 1 - ( p - methoxyphenyl )thiomethyl - 5,5 -
dimethylhydantoin (4f). This product was obtained as a white
solid in 100% yield; mp 123 °C (ethanol-diethyl ether); Found:
C, 56.71; H, 6.13; N, 7.19. Calc. for C;sH,,N,O;S: C, 56.82; H,
6.36; N, 7.36%; IR vy, (KBr)/cm™ 1753 (C=0), 1736 (C=0),
1725 (C=0); '"H NMR (300 MHz, CDCl;) 6 1.49 (s, 6H, 2 x
CH,), 1.53 (s, 9H, 3 x CHj;), 3.76 (s, 3H, OCHj;), 4.73 (s, 2H,
CH,), 6.81 (d, 2H, J =9 Hz, H,,,), 7.41 (d, 2H, J =9 Hz, H,,,);
BC NMR (75 MHz, CDCl;) 6 23.1 (2 x CHj), 28.2 (3 x CH,),
44.2 (CH,), 55.4 (OCH,;), 63.1 (C), 84.3 (C(‘Bu)), 114.8 (2 x
CH,,), 122.7 (C,,-S), 136.1 (2 x CH,,,), 148.5 (CO,'Bu), 150.7
(Cirs—0), 160.4 (C,=0), 173.8 (C,=0).

3-'Butyloxycarbonyl- 1 - (p - chlorophenyl )thiomethyl - 5,5 - di -
methylhydantoin (4g). This product was obtained as a white
solid in 100% yield; mp 114 °C (diethyl ether); Found: C, 52.86;
H, 5.35; N, 7.11. Calc. for C,;H,,CIN,O,S: C, 53.05; H, 5.50;
N, 7.28%; IR vy (KBr)/cm™' 1752 (C=0), 1745 (C=0), 1737
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(C=0); '"H NMR (300 MHz, CDCL,) d 1.50 (s, 6H, 2 x CH,),
1.52 (s, 9H, 3 x CH,), 4.82 (s, 2H, CH,), 7.24 (d, 2H, J = 9 Hz,
H,.), 7.42 (d, 2H, J = 9 Hz, H,,,); C NMR (75 MHz, CDCl,)
5 23.1 (2 x CH,), 28.1 (3 x CH,), 43.2 (CH.), 63.2 (C), 84.5
(C(‘Bu)), 129.4 (2 x CH,.), 131.0 (C,,—Cl), 134.2 (2 x CH,..),
134.7 (Crs-S), 148.3 (CO,Bu), 150.7 (C,=0), 173.9 (C,=O).

3-Butyloxycarbonyl-5,5-dimethyl-1-(f-naphthyl)thiomethyl-
hydantoin (4h). This product was obtained as a white solid in
95% yield; mp 135 °C (diethyl ether—cyclohexane); Found: C,
62.78; H, 6.00; N, 6.84. Calc. for C, H,N,0,S: C, 62.98; H,
6.04; N, 6.99%; IR vy, (KBr)/cm~' 1756 (C=0), 1743 (C=0),
1736 (C=0); 'H NMR (300 MHz, CDCl;) 6 1.44 (s, 6H, 2 x
CH,), 1.51 (s, 9H, 3 x CH,), 4.94 (s, 2H, CH,), 7.41-7.97 (m,
7H, H,,,); "C NMR (75 MHz, CDCl;) ¢ 23.0 (2 x CHjy), 28.1
(3 x CHj;), 42.8 (CH,), 63.1 (C), 84.3 (C('Bu)), 126.6 (CH,,,),
126.7 (CH,,,), 127.6 (CH,,,), 127.8 (CH,,,), 128.9 (CH,,,), 129.7
(CH,,,), 131.9 (CH,,,), 132.7 (C,;,-S), 133.5 (2 x C,,—C), 148.3
(CO,'Bu), 150.7 (C,=0), 173.8 (C,=0).

3-'Butyloxycarbonyl-1-(m,p-dimethoxyphenyl)thiomethyl-5,5-
dimethylhydantoin (4i). This product was obtained as a white
solid in 94% yield; mp 125 °C (ethanol-diethyl ether and then
cyclohexane); Found: C, 55.42; H, 6.22; N, 6.68. Calc. for
CyHxxN,O,S: C, 55.59; H, 6.38; N, 6.82%; IR v,,,, (KBr)/cm™'
1752 (C=0), 1745 (C=0), 1736 (C=0); '"H NMR (300 MHz,
CDCl;) 6 1.48 (s, 6H, 2 x CHs;), 1.52 (s, 9H, 3 x CHs;), 3.82 (s,
3H, OCH,), 3.84 (s, 3H, OCH,), 4.78 (s, 2H, CH,), 6.72-6.76
(m, 1H, H,.), 7.02-7.07 (m, 2H, H,.); *C NMR (75 MHz,
CDCl;) 6 23.1 (2 x CH;), 28.1 (3 x CHs;), 43.8 (CH,), 56.0
(OCH,), 56.1 (OCH;), 63.1 (C), 84.4 (C('Bu)), 111.4 (CH,,),
116.7 (CH,,), 123.0 (C,,-S), 127.0 (CH,,), 148.4 (C,,—O),
149.1 (C,,—0), 149.8 (CO,'Bu), 150.7 (C,=0), 173.8 (C,=0O).

General procedure for /V-alkylation of 5,5-dimethyl-1-
phenylthiomethylhydantoin (3a). To a stirred mixture of 5,5-
dimethyl-1-phenylthiomethylhydantoin (3a, 5 g, 20 mmol) and
18-C-6 (1% w/w) in 50 mL of dry toluene were added solid
potassium carbonate (2.92 g, 22 mmol) and 0.1 equiv. per mmol
of potassium iodide. After stirring for 25 min, 24 mmol of methyl
iodide or benzyl bromide in 50 mL of dry toluene was added
dropwise over a period of 20 min. The mixture was then refluxed
for 24 h and cooled. After filtration over a short column of celite,
the organic phase was concentrated under reduced pressure and
the crude resulting solid was purified by flash chromatography
on silica gel with dichloromethane as eluent to give N-alkylated
imide 4j or 4k. Recrystallization from ethanol afforded pure 4j
or 4k in 91 and 97%, respectively.

3,5,5-Trimethyl-1-phenylthiomethylhydantoin ~ (4j). This
product was isolated as white prisms in 91% yield; mp 73 °C
(cyclohexane); Found: C, 58.87; H, 6.00; N, 10.45. Calc. for
C;H(N,0,S: C, 59.07; H, 6.10; N, 10.60%; IR v,,,, (KBr)/cm™"
1772 (C=0), 1718 (C=0); 'H NMR (300 MHz, CDCl;) ¢ 1.26
(s, 6H, 2 x CHj;), 2.83 (s, 3H, CHj;), 4.84 (s, 2H, CH,), 7.25-7.33
(m, 3H, H,.), 7.46-7.52 (m, 2H, H,.); "C NMR (75 MHz,
CDClL;) 6 21.9 (2 x CHs;), 24.4 (CH;), 42.8 (CH,), 61.2 (O),
128.0 (CH,,,), 128.2 (C,,=S), 129.0 (2 x CH,,), 132.8 (2 x
CH,,,), 153.8 (C,=0), 175.5 (C,=0); MS (m/z: EI) 264 (M*).

3-Benzyl-5,5-dimethyl-1-phenylthiomethylhydantoin  (4k).
This product was isolated as white crystal in 97% yield; mp
97 °C (cyclohexane—diethyl ether); Found: C, 66.94; H, 5.81; N,
8.16. Calc. for C,,H,,N,O,S: C, 67.03; H, 5.92; N, 8.23%; IR v,
(KBr)/cm™' 1772 (C=0), 1716 (C=0); '"H NMR (300 MHz,
CDCl;) 6 11.14 (s, 6H, 2 x CH,), 4.45 (s, 2H, CH,), 4.89 (s,
2H, CH,), 7.16-7.36 (m, 8H, H,,,), 7.51-7.55 (m, 2H, H,,,); *C
NMR (75 MHz, CDCL;) ¢ 23.3 (2 x CH;), 43.0 (CH,), 43.2
(CH,), 62.2 (C), 127.8 (CH,,), 127.9 (2 x CH,,), 128.3 (CH,,,),
128.7 (2 x CH,), 129.1 (2 x CH,,,), 132.5 (C,o-S), 133.4 (2 x
CH.,,,), 137.7 (C,,,—C), 154.5 (C,=0), 175.5 (C,=0O); MS (m/z:
EI) 340 (M*).
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General procedure for regioselective reduction of /N-protected-
N-arylthiomethylhydantoin (3a = 4a and 4b-k). To a well
stirred solution of N-protected-N-arylthiomethylhydantoin (4,
6 mmol) in dry ethanol (60 mL) was added in portions at
ambient temperature sodium borohydride (1.37 g, 36 mmol)
over a period of 5 min. After complete reaction (12 to 48 h; the
reaction was monitored by TLC using precoated plate of silica
gel and CH,Cl, as eluent), the excess of sodium borohydride
was decomposed by careful addition of 10% HCI solution to
pH = 3. After removal of the solvent under reduced pressure,
the residue was diluted with H,O (40 mL) and extracted with
2 x 30 mL of CH,Cl,. The organic phase was separated, dried
with MgSO,, filtered and concentrated under reduced pressure,
to give a solid, which was recrystallized from suitable solvent
to give corresponding S5-hydroxyimidazolidinone 5 in good
yields.

4-Hydroxy-5,5-dimethyl- 1-phenylthiomethylimidazolidin-2-
one (S5a). This product was isolated as white crystals in 93%
yield; mp 166 °C (ethanol-water); Found: C, 57.01; H, 6.14; N,
10.98. Calc. for C,,H;4N,0,S: C, 57.12; H, 6.39; N, 11.10%; IR
Vmax (KBr)/cm™' 3277 (NH and OH), 1698 (C=0); '"H NMR
(300 MHz, DMSO dy) ¢ 0.90 (s, 3H, CH,), 1.05 (s, 3H, CH,),
432 (d, 1H, J = 13 Hz, CH,), 4.60 (d, 1H, J = 7 Hz, CH),
5.08 (d, 1H, J = 13 Hz, CH,), 6.07 (d, 1H, J = 7 Hz, CH),
6.79 (s broad, 1H, NH), 7.17-7.30 (m, 3H, H,,,), 7.33-7.44 (m,
2H, H,.); *C NMR (75 MHz, DMSO d,) 6 21.9 (CH,), 27.7
(CH,), 43.9 (CH,), 55.3 (C), 84.0 (CH), 126.4 (CH,,), 129.0
(2 x CH,po), 129.8 (2 x CH,po), 134.5 (C,r=S), 157.4 (C=0).

3-'Butyloxycarbonyl-<4-hydroxy-5,5-dimethyl-1-phenylthiometh-
ylimidazolidin-2-one (Sb). This product was isolated as white
crystals in 89% yield; mp 140 °C (ethanol); Found: C, 57.59;
H, 6.68; N, 7.80. Calc. for C,;H,,N,O,S: C, 57.93; H, 6.86;
N, 7.95%; IR vy, (KBr)/cm™' 3399 (OH), 1770 (C=0), 1759
(C=0); 'H NMR (300 MHz, CDCl;) 6 1.09 (s, 3H, CHj;), 1.46
(s, 3H, CH,), 1.48 (s, 9H, 3 x CH,;), 3.64 (d, 1H, J = 11 Hz,
OH), 4.53 (d, 1H, J = 14 Hz, CH,), 4.64 (d, 1H, J = 11 Hz,
CH), 5.22 (d, 1H, J = 14 Hz, CH,), 7.18-7.42 (m, 5H, H.,);
“C NMR (75 MHz, CDCl;) § 20.6 (CH;), 24.9 (CH;), 28.3
(3 x CHs;), 44.6 (CH,), 61.7 (C), 82.9 (C(‘Bu)), 83.8 (CH), 127.1
(CH.), 129.3 (2 x CH,,), 130.2 (2 x CH,,), 133.7 (C,.,-S),
150.3 (CO,'Bu), 153.1 (C=0).

1-(o-Bromophenyl)thiomethyl-3-'butyloxycarbonyl-4-hydroxy-
5,5-dimethylimidazolidin-2-one (5c). This product was isolated
as yellow crystals in 70% yield; mp < 40 °C (diethyl ether);
Found: C, 47.22; H, 5.19; N, 6.21. Calc. for C,;H,;BrN,O,S:
C, 47.34; H, 5.37; N, 6.49%; IR v, (KBr)/cm™' 3400 (OH),
1765 (C=0), 1758 (C=0); 'H NMR (300 MHz, CDCl;) ¢ 1.11
(s, 3H, CH;), 1.48 (s, 12H, 4 x CH;), 3.81 (d, 1H, J = 11 Hz,
OH), 4.56 (d, 1H, J = 15 Hz, CH,), 4.67 (d, |H, J = 11 Hz,
CH), 5.26 (d, 1H, J = 15 Hz, CH,), 6.98-7.07 (m, 1H, H,,),
7.23-7.30 (m, 1H, H,,), 7.44-7.52 (m, 2H, H,,); “C NMR
(75 MHz, CDCl,;) 6 20.6 (CH;), 24.9 (CH;), 28.3 (3 x CHy;),
43.8 (CH,), 61.8 (O), 83.1 (C('Bu)), 83.6 (CH), 124.3 (C,,,—Br),
127.8 (CH,,,), 128.3 (CH,,,), 129.9 (CH,,,), 133.2 (CH,,,), 135.2
(C4,,0-S), 150.4 (CO,'Bu), 153.3 (C=0).

3“Butyloxycarbonyl4-hydroxy-1{o-methoxyphenyl)thiomethyl-
5,5-dimethylimidazolidin-2-one (5d). This product was isolated
as yellow crystals in 86% yield; mp 144 °C (ethanol-diethyl
ether); Found: C, 56.41; H, 6.77; N, 7.18. Calc. for C;sH,;,N,O;S:
C, 56.52; H, 6.85; N, 7.32%; IR v, (KBr)/cm™' 3406 (OH),
1765 (C=0), 1758 (C=0); 'H NMR (300 MHz, CDCl;) ¢ 1.13
(s, 3H, CHs;), 1.46 (s, 12H, 4 x CHj;), 3.85 (d, 1H, J = 11 Hz,
OH), 3.88 (s, 3H, OCH};), 4.52 (d, 1H, J = 14 Hz, CH,), 4.65 (d,
1H, J = 11 Hz, CH), 5.18 (d, 1H, J = 14 Hz, CH,), 6.82-6.70
(m, 2H, H,,), 7.17-7.26 (m, 1H, H,,), 7.36-7.40 (m, 1H, H,,,);
“C NMR (75 MHz, CDCl;) § 20.5 (CH;), 24.9 (CH;), 28.3
(3 x CH,), 43.4 (CH,), 55.9 (OCH,), 61.6 (C), 82.8 (C('Bu)),
84.0 (CH), 111.0 (CH,,), 120.9 (C,,,-S), 121.2 (CH,,), 129.2





(CH,,), 132.8 (CH,,,), 150.3 (CO,'Bu), 152.9 (C,.-O), 158.4
(C=0).

3/Butyloxycarbonyk4hydroxy-1<m-methoxyphenyl)thiomethy}
5,5-dimethylimidazolidin-2-one (5e). This product was isolated
after a second chromatography purification as yellow crystals in
86% yield; mp 69 °C (ethanol-diethyl ether); Found: C, 56.38;
H, 6.79; N, 7.20. Calc. for C,jH,N,O;S: C, 56.52; H, 6.85;
N, 7.32%; IR v, (KBr)/cm™' 3403 (OH), 1759 (C=0), 1720
(C=0); 'H NMR (300 MHz, CDCl;) é 1.12 (s, 3H, CH;), 1.46
(s, 3H, CH,), 1.48 (s, 9H, 3 x CH;), 3.72 (d, 1H, J = 10 Hz,
OH), 3.76 (s, 3H, OCH;), 4.53 (d, 1H, J = 14 Hz, CH,), 4.65 (d,
1H, J = 10 Hz, CH), 5.21 (d, 1H, J = 14 Hz, CH,), 6.72 (dd,
1H, J = 2 and 8 Hz, H,,), 6.94-7.13 (m, 2H, H,,,), 7.13-7.22
(m, 1H, H,,,); “C NMR (75 MHz, CDCl;) § 20.5 (CH;), 24.9
(CH;), 28.3 (3 x CH,), 44.4 (CH,), 55.5 (OCH,), 61.7 (C), 82.9
(C('Bu)), 83.8 (CH), 113.4 (CH,,,), 114.7 (CH,,,), 122.0 (CH,,,),
130.2 (CH,,), 135.0 (C,,-S), 150.3 (CO,'Bu), 153.0 (C,,—0O),
160.0 (C=0).

3“Butyloxycarbony4-hydroxy-1{p-methoxyphenyl)thiomethyl-
5,5-dimethylimidazolidin-2-one (5f). This product was isolated
as a white crystal in 93% yield; mp 66 °C (cyclohexane—diethyl
ether); Found: C, 56.40; H, 6.73; N, 7.16. Calc. for C;sH»N,OsS:
C, 56.52; H, 6.85; N, 7.32%; IR v,,, (KBr)/cm™' 3400 (OH),
1768 (C=0), 1758 (C=0); 'H NMR (300 MHz, CDCl;) ¢
1.15 (s, 3H, CH,), 1.46 (s, 12H, 4 x CH,), 3.75 (s, 3H, OCH,),
441 (d, 1H, J = 14 Hz, CH,), 4.62 (s, 1H, CH), 5.04 (d, 1H,
J = 14 Hz, CH,), 6.50 (s broad, 1H, OH), 6.79 (d, 2H, J =
9 Hz, H,,,), 7.35 (d, 2H, J = 9 Hz, H,,,); "C NMR (75 MHz,
CDCl;) 6 20.6 (CHj3), 25.0 (CHj3), 28.2 (3 x CHj;), 46.1 (CH,),
55.4 (OCH,;), 61.6 (C), 82.8 (C(‘Bu)), 83.7 (CH), 114.8 (2 x
CH,,,), 123.8 (C,,v-S), 133.6 (2 x CH,,,), 150.3 (CO,'Bu), 153.1
(Cio—0), 159.4 (C=0).

3-'Butyloxycarbonyl-1-(p-chlorophenyl)thiomethyl-4-hydroxy-
5,5-dimethylimidazolidin-2-one (5g). This product was isolated
as white crystals in 92% yield; mp 139 °C (ethanol-diethyl ether);
Found: C, 52.56; H, 5.79; N, 7.05. Calc. for C,;H,;CIN,O,S: C,
52.77; H, 5.99; N, 7.24%; IR v,,, (KBr)/cm™ 3391 (OH), 1769
(C=0), 1760 (C=0); '"H NMR (300 MHz, CDCl;) ¢ 1.10 (s,
3H, CH,), 1.46 (s, 3H, CHj;), 1.47 (s, 9H, 3 x CH;), 4.11 (d, 1H,
J=11Hz, OH),4.51 (d, IH,J = 15Hz,CH,),4.62(d, 1H,J =
11 Hz, CH), 5.19 (d, 1H, J = 15 Hz, CH,), 7.22 (d, 2H, J =
9 Hz, H,..), 7.33 (d, 2H, J = 9 Hz, H,.); *C NMR (75 MHz,
CDCl,) 6 20.6 (CH;), 24.9 (CH;), 28.3 (3 x CH,), 44.4 (CH,),
61.8 (C), 83.1 (C('Bu)), 83.6 (CH), 129.4 (2 x CH,,,), 131.2 (2 x
CH,,), 132.3 (C,,—Cl), 132.9 (C,,-S), 150.3 (CO,'Bu), 153.3
(C=0).

3-'Butyloxycarbonyl-4-hydroxy-5,5-dimethyl-1-(f-naphthyl)-
thiomethylimidazolidin-2-one (Sh). This product was isolated
as white crystals in 90% yield; mp 125 °C (cyclohexane—diethyl
ether); Found: C, 62.53; H, 6.42; N, 6.79. Calc. for C,,H,xN,O,S:
C, 62.66; H, 6.51; N, 6.96%; IR v,,, (KBr)/cm™' 3400 (OH),
1767 (C=0), 1758 (C=0); 'H NMR (300 MHz, CDCl;) ¢ 1.07
(s, 3H, CH;), 1.45 (s, 12H, 4 x CHs;), 3.82 (d, 1H, J = 11 Hz,
OH), 4.61 (d, 1H, J = 14 Hz, CH,), 4.67 (d, 1H, J = 11 Hz,
CH), 5.31 (d, 1H, J = 14 Hz, CH,), 7.38-7.51 (m, 3H, H,,),
7.70-7.87 (m, 4H, H,,); "C NMR (75 MHz, CDCl;) ¢ 20.6
(CH;), 24.9 (CH,), 28.2 (3 x CH,), 44.5 (CH,), 61.7 (C), 82.9
(C('Bu)), 83.7 (CH), 126.1 (CH,,,), 126.6 (CH,,,), 127.4 (CH,,,),
127.6 (CH,,,), 127.8 (CH,,), 128.9 (CH,,,), 129.0 (CH,,,), 131.0
(Co-S), 132.1 (C,,—C), 133.7 (C,,—C), 150.3 (CO,'Bu), 153.2
(C=0).

3-'Butyloxycarbonyl -4 -hydroxy - 1 - (m,p - dimethoxyphenyl)-
thiomethyl-5,5-dimethylimidazolidin-2-one (5i). This product
was isolated as white crystals in 100% yield; mp 130 °C (diethyl
ether); Found: C, 55.21; H, 6.70; N, 6.55. Calc. for C,iHxxN,OS:
C, 55.32; H, 6.84; N, 6.79%; IR v, (KBr)/cm~' 3392 (OH),
1770 (C=0), 1757 (C=0); 'H NMR (300 MHz, CDCl;) ¢ 1.14

(s, 3H, CH,), 1.46 (s, 12H, 4 x CH,), 3.83 (d, 1H, J = 10 Hz,
OH), 3.84 (s, 6H, 2 x OCH,), 4.45 (d, 1H, J = 14 Hz, CH,),
4.62 (d, 1H, J = 10 Hz, CH), 5.10 (d, 1H, J = 14 Hz, CH,),
6.73-6.78 (m, 1H, H.,,), 6.95-6.99 (m, 2H, H,.); *C NMR
(75 MHz, CDCL,) & 20.5 (CH,), 25.0 (CH,), 28.3 (3 x CH,),
45.7 (CH,), 56.0 (OCHS), 56.1 (OCHS), 61.6 (C), 82.9 (C(‘Bu)),
83.8 (CH), 111.7 (CH,,,), 114.6 (CH,,,), 124.2 (Cure-S), 124.3
(CH,,,), 148.8 (Coo-O), 149.3 (C,o-0), 150.3 (CO,'Bu), 153.0
(C=0).

4-Hydroxy-3,5,5-trimethyl-1-phenylthiomethylimidazolidin-2-
one (5j). This product was isolated as white crystals in 89%
yield; mp 98 °C (diethyl ether—pentane); Found: C, 58.39; H,
6.69; N, 10.41. Calc. for C;;H3N,0,S: C, 58.62; H, 6.81; N,
10.52%; IR vy, (KBr)/cm™' 3345 (OH), 1701 (C=0); '"H NMR
(300 MHz, CDCl;) 6 0.91 (s, 3H, CHj;), 1.20 (s, 3H, CH,), 2.61
(s, 3H, CH,), 3.20 (d, 1H, J = 10 Hz, OH), 448 (d, 1H, J =
14 Hz, CH,), 4.74 (d, 1H, J = 10 Hz, CH), 5.17 (d, 1H, J =
14 Hz, CH,), 7.18-7.31 (m, 3H, H,,), 7.40-7.45 (m, 2H, H,,);
BC NMR (75 MHz, CDCl;) 6 19.1 (CH;), 23.3 (CH,), 24.6
(CH,), 45.1 (CH,), 59.8 (C), 83.4 (CH), 127.0 (CH,,), 129.1
(2 x CH,,,), 130.6 (2 x CH,,,), 134.1 (C,,,-S), 157.1 (C=0).

3-Benzyl-4-hydroxy-5,5-dimethyl-1-phenylthiomethylimida-
zolidin-2-one (5k). This product was isolated as white crystals
in 84% yield; mp 161 °C (diethyl ether—pentane); Found: C,
66.49; H, 6.31; N, 8.02. Calc. for C;y;H»,N,0,S: C, 66.64; H,
6.48; N, 8.18%; IR v,,,, (KBr)/cm™' 3280 (OH), 1679 (C=0); 'H
NMR (300 MHz, CDCl;) 6 0.72 (s, 3H, CH,), 1.07 (s, 3H, CHj;),
2.71 (d, 1H, J =9 Hz, OH), 4.12 (d, 1H, J = 16 Hz, CH,), 4.31
(d, IH,J =16 Hz, CH,), 4.44 (d, |H, J = 14 Hz, CH,), 4.72 (d,
1H, J = 9 Hz, CH), 5.26 (d, 1H, J = 14 Hz, CH,), 7.07-7.31
(m, 8H, H,,), 7.40-7.44 (m, 2H, H,,); "C NMR (75 MHz,
CDCl;) 6 19.9 (CH,), 25.4 (CHs;), 43.2 (CH,), 45.4 (CH,), 60.5
(C), 84.8 (CH), 127.1 (2 x CH,,), 127.7 (CH,,,), 128.5 (CH,,,),
128.7 (2 x CH,,), 129.2 (2 x CH,,), 130.6 (C,,—S), 131.1 (2 x
CH,,), 139.4 (C,,,—O), 157.1 (C,=0).

General procedure for cyclisation of 5-hydroxyimidazolidinones
5. To astirred and cold solution of 5-hydroxyimidazolidinone
5 (2.5 mmol) was added neat TFA (4 mL). After 24 h of reaction
at room temperature under stirring, the reaction mixture was
diluted with water (5 mL) and CH,Cl, (10 mL) and neutralized
with 10% NaOH aqueous solution. The solution was extracted
twice with CH,Cl, (10 mL). The organic layer was washed
with water, separated, dried over MgSO, and evaporated. The
resulting residue was purified by flash chromatography (SiO,,
CH,Cl,~hexane (9 : 1)) to give the tricyclic product 6 as white
crystals in 21 to 91% yields.

2,3,3a,9-Tetrahydro-3,3-dimethylimidazo|S,1-b][1,3]|benzothiazin-
1-one (6a). This product was isolated as white crystals in
56-92% yield; mp 162 °C (diethyl ether—pentane); Found: C,
61.35; H, 5.85; N, 11.79. Calc. for C,H,;;N,OS: C, 61.51; H,
6.02; N, 11.96%; IR v,,, (KBr)/cm™ 3249 (NH), 1703 (C=0);
'"H NMR (300 MHz, CDCl;) 6 1.40 (s, 3H, CH,), 1.43 (s, 3H,
CH,), 4.30 (d, 1H, J = 17 Hz, CH,), 4.81 (s, IH, CH), 4.87 (d,
1H. J = 17 Hz, CH,), 5.13 (s broad, 1H, NH), 7.08-7.22 (m,
4H, H,,,); "CNMR (75 MHz, CDCl;) 6 23.9 (CHs;), 28.7 (CH;),
43.9 (CH,), 55.8 (C), 69.2 (CH), 125.8 (CH,,,), 127.1 (CH,,,),
127.9 (CH,,), 129.3 (CH,,), 130.6 (C,,-S), 131.8 (C,,—C),
159.7 (C=0); MS (m/z: EI) 234 (M").

X-Ray crystallographic analysis of benzothiazinone (6a)j}.
C,H,N,OS, Mr = 234.31, monoclinic, P2,/c, a = 7.569(2),
b = 18.652(2), ¢ = 8.388(2) A, f = 103.69(3)°, V = 1150.6(7)
A3,Z=4,D,=1353mgm, A (Mo Ka)=0.71073 A, u =
2.6l cm™', F(000) =496, T =293 K. The sample (0.45*0.32*0.32
mm) is studied on an automatic diffractometer CAD4 NONIUS

1 CCDC reference numbers 266273-266274. For crystallographic data
in CIF format see DOI: 10.1039/b508214e
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with graphite monochromatized Mo Ka radiation.'® The cell
parameters are obtained by fitting a set of 25 high-theta
reflections. The data collection (26,,,, = 54°, scan w/20 = 1,
tmx = 00 s, range HKL: H 0,9 K 0,23 L-10,10) gives 2687
unique reflections from which 1868 with I > 2.0a(I). After
Lorenz and polarization corrections' the structure was solved
with SIR-97"® which reveals the non hydrogen atoms of the
compound. After anisotropic refinement a Fourier difference
reveals many hydrogen atoms. The whole structure was refined
with SHELX1.97 by the full-matrix least-square techniques (use
of F square magnitude; x, y, z, §; for S, C, O and N atoms, x, y, z
in riding mode for H atoms; 149 variables and 2505 observations;
calc. w = 1/[6*(Fo*)+(0.057 P)’] where P = (Fo* + 2Fc?)/3 with
the resulting R = 0.035, Rw = 0.094 and Sw = 1.043 (residual
Ap <0.27 eA).

Atomic scattering factors from International Tables for X-ray
Crystallography (1992). Ortep views realized with PLATON98*
and Ortep-3 for Windows.? All the calculations were performed
on a Pentium NT Server computer. See the electronic supple-
mentary information for further data for compound 6a.

5-Bromo-2,3,3a,9 - tetrahydro - 3,3 - dimethylimidazo[ 5,1- 5] -
[1,3]benzothiazin-1-one (6¢). This product was isolated as
white crystals in 21% yield; mp 184 °C (ethanol); Found: C,
45.87; H, 4.07; N, 8.84. Calc. for C,H;BrN,OS: C, 46.02; H,
4.18; N, 8.94%; IR v, (KBr)/cm™' 3249 (NH), 1703 (C=0);
'H NMR (300 MHz, CDCl;) 6 1.41 (s, 3H, CH,), 1.49 (s, 3H,
CH,), 4.24 (d, 1H, J = 17 Hz, CH,), 4.82 (s, IH, CH), 4.88 (d,
1H, J = 17 Hz, CH,), 5.03 (s broad, 1H, NH), 6.94-7.12 (m,
2H, H,,), 7.41-7.45 (m, 1H, H,,,); "C NMR (75 MHz, CDCl,)
0 23.7 (CH;), 28.6 (CHs;), 43.9 (CH,), 55.9 (C), 69.3 (CH), 123.6
(C.o—Br), 126.1 (CH,,), 126.5 (CH,,), 131.1 (CH,,), 132.5
(CareS), 133.1 (C,,,—C), 159.1 (C=0); MS (m/z: EI) 311 (M*).

2,3,3a,9-Tetrahydro-5-methoxy-3,3-dimethylimidazo|[5,1-5]-
[1,3]benzothiazin-1-one (6d). This product was isolated as
yellow crystals in 29% yield; mp 182 °C (ethanol-diethyl ether);
Found: C, 58.91; H, 5.87; N, 10.36. Calc. for C;H(N,O,S: C,
59.07; H, 6.10; N, 10.60%; IR vy, (KBr)/cm™" 3260 (NH), 1698
(C=0); '"H NMR (300 MHz, CDCl;) 6 1.38 (s, 3H, CH;), 1.47
(s, 3H, CHj;), 3.86 (s, 3H, OCH;), 4.30 (d, 1H, J = 17 Hz, CH,),
4.73 (s, 1H, CH), 4.87 (d, 1H, J = 17 Hz, CH,), 5.35 (s broad,
1H, NH), 6.66 (d, 1H, J = 7 Hz, H,,,), 6.76 (d, 1H, J = 7 Hz,
H..), 7.07 (t, 1H, J = 7 Hz, H,,); *C NMR (75 MHz, CDCl;)
0 23.7 (CH,), 28.7 (CH,;), 43.4 (CH,), 55.8 (C), 56.1 (OCHy;),
67.8 (CH), 108.3 (CH,,), 120.1 (CH,,), 120.5 (C,,,-S), 125.5
(CH,,), 130.9 (C,,,—C), 155.9 (C,,,—0O), 159.5 (C=0); MS (m/z:
EI) 264 (M™).

2,3,3a,9-Tetrahydro-8-methoxy-3,3-dimethylimidazo[5,1-5]-
[1,3]benzothiazin-1-one (6e). This product was isolated as
white prisms in 77% yield; mp 176 °C (ethanol-diethyl ether);
Found: C, 58.88; H, 5.95; N, 10.50. Calc. for C;;H(N,O,S: C,
59.07; H, 6.10; N, 10.60%; IR vy, (KBr)/cm™ 3425 (NH), 1709
(C=0); '"H NMR (300 MHz, CDCl;) 6 0.76 (s, 3H, CHj;), 1.48
(s, 3H, CH,), 3.77 (s, 3H, OCH,), 4.15(d, 1H, J = 12 Hz, CH,),
4.67 (s broad, 1H, NH), 4.80 (s, 1H, CH), 5.01 (d, IH, J =
12 Hz, CH,), 6.69-6.77 (m, 2H, H,,), 6.98 (d, 1H, J = 8 Hz,
H,.); ®C NMR (75 MHz, CDCl,) ¢ 24.9 (CH,), 28.4 (CH,),
42.2 (CH,), 55.4 (OCH;), 60.2 (C), 64.8 (CH), 112.8 (CH,,,),
1142 (CH,,), 121.6 (C,.,-S), 128.9 (CH,,), 135.1 (C,,—C),
158.3 (C,;0—0), 159.6 (C=0); MS (m/z: EI) 264 (M*).

2,3,3a,9-Tetrahydro-3,3-dimethylimidazo[5,1-5][1,3]naphthen-
1-one (6h). This product was isolated as white crystals in 61%
yield; mp 260 °C (ethanol-DMF); Found: C, 67.33; H, 5.54; N,
9.77. Calc. for C,(H,(N,OS: C, 67.58; H, 5.67; N, 9.85%; IR
Vmax (KBr)/cm=' 3199 (NH), 1727 (C=0); '"H NMR (300 MHz,
DMSO-d¢) 6 0.42 (s, 3H, CHs;), 1.52 (s, 3H, CH,), 4.19 (d, 1H,
J =12 Hz, CH,), 4.94 (d, 1H, J = 12 Hz, CH,), 5.83 (s, 1H,
CH), 7.24 (s broad, 1H, NH), 7.32 (d, 1H, J = 9 Hz, H,,,),
7.45-7.60 (m, 2H, H,.), 7.76 (d, 1H, J = 9 Hz, H,,,), 7.91 (d,
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1H, J = 8 Hz, H,.), 8.04 (d, 1H, J = 8 Hz, H,,,); "C NMR
(75 MHz, DMSO-d,) 6 25.1 (CH,), 29.8 (CH,), 43.5 (CH,), 59.2
(C), 61.2 (CH), 122.8 (CH,.), 125.3 (CsroC), 125.4 (CH,.),
126.6 (CH,,,), 127.2 (CH,,,), 128.2 (CH,.,), 128.9 (CH,.,), 131.9
(Cyo—C), 132.2 (Cpro—C), 133.7 (Cos-S), 158.9 (C=0); MS (m/z:
EI) 284 (M").

2,3,3a,9-Tetrahydro-6,7-dimethoxy-3,3-dimethylimidazo|5,1 -
b][1,3]benzothiazin-1-one (6i). This product was isolated as
white crystals in 55% yield; mp 207 °C (ethanol); Found: C,
57.01; H, 6.03; N, 9.36. Calc. for C,H;N,O;S: C, 57.12; H,
6.16; N, 9.52%; IR v, (KBr)/cm™' 3234 (NH), 1704 (C=0);
'H NMR (300 MHz, CDCl;) 6 0.77 (s, 3H, CH,), 1.50 (s,
3H, CH,), 3.82 (s, 6H, 2 x OCH,), 4.09 (d, 1H, J = 13 Hz,
CH,), 4.74 (s, 1H, CH), 4.98 (d, 1H, J = 13 Hz, CH,), 5.47 (s
broad, 1H, NH), 6.51 (s, IH, H,,), 6.68 (s, IH, H,,,); *C NMR
(75 MHz, CDCl,) ¢ 24.8 (CH,), 28.5 (CH;), 42.5 (CH,), 56.0
(OCH,), 56.2 (OCH,), 60.2 (C), 65.0 (CH), 110.8 (CH,,,), 112.5
(CH,,), 121.3 (C,,,-S), 125.3 (C,,—C), 147.4 (C,,,—O), 148.3
(C.is—0), 159.6 (C=0); MS (m/z: EI) 294 (M").

Procedure for /N-protection of /V,S-acetal cyclic compound 6a
by Boc group; access to 2-’butyloxycarbonyl-2,3,3a,9-tetrahydro-
2,3,3-trimethylimidazo|5,1-b][1,3]benzothiazin-1-one (6b). Ac-
cording to the typical procedure reported above for N-protected
imide 4, this product was obtained in quantitative yield as
a white—yellow solid by reaction of 2,3,3a,9-tetrahydro-3,3-
dimethylimidazo[5,1-b][1,3]benzothiazin-1-one 6a with Boc,O
and melted at 140 °C (diethyl ether—cyclohexane); Found: C,
61.00; H, 6.44; N, 8.25. Calc. for C;H,N,O;S: C, 61.05; H,
6.63; N, 8.38%; IR vy, (KBr)/cm™" 1706 (C=0), 1698 (C=0);
'"H NMR (300 MHz, CDCl;) 6 01.53 (s, 9H, 3 x CH;), 1.55 (s,
3H, CH;), 1.67 (s, 3H, CH;), 4.32 (d, 1H, J = 17 Hz, CH,), 4.78
(s, 1H, CH), 498 (d, 1H, J = 17 Hz, CH,), 7.11-7.16 (m, 4H,
H,.); "C NMR (75 MHz, CDCl,) 6 22.5 (CH;), 25.8 (CH;),
28.2 (3 x CHs;), 43.9 (CH,), 60.3 (C), 67.5 (CH), 82.9 (C(‘Bu)),
126.0 (CH,,,), 127.3 (CH,,,), 127.8 (CH,,,), 129.2 (CH,,,), 129.6
(Ciro), 131.2 (C,,,), 149.7 (CO,'Bu), 150.4 (C=0), 153.5 (C=0).

General procedure for N-alkylation of 2,3,3a,9-tetrahydro-
3,3-dimethylimidazo[5,1-b][1,3]benzothiazin-1-one (6a); access
to tricyclic systems 6j and 6k. To a stirred solution un-
der an atmosphere of dry argon of 2,3,3a,9-tetrahydro-
3,3-dimethylimidazo[5,1-b][1,3]benzothiazin-1-one (6a, 702 mg,
3 mmol) in 30 mL of dry THF was added in three portions
(86.4 mg, 3.6 mmol) of sodium hydride (60% in mineral oil).
After stirring for 35 min at room temperature, methyl iodide
(3.6 mmol) or benzyl chloride (3.6 mmol) in 15 mL of the same
solvent was added slowly dropwise over a period of 15 min. The
mixture was then allowed to react at ambient temperature for
60 h. After cooling, the solution was poured onto water and the
precipitate formed was filtered and dried. The resultant solid
was recrystallized from ethanol to give the N-alkylated cyclic
derivative 6j (62% yield) and 6k (58% yield).

2,3,3a,9-Tetrahydro-2,3,3-trimethylimidazo[5,1-5][1,3]benzo-
thiazin-1-one (6j). This product was isolated as white crystals
in 62% yield; mp 98 °C (diethyl ether); Found: C, 62.66; H, 6.25;
N, 11.09. Calc. for C;;H4N,OS: C, 62.87; H, 6.49; N, 11.28%;
IR v, (KBr)/cm™ 1694 (C=0); '"H NMR (300 MHz, CDCl;)
0 1.28 (s, 3H, CH,), 1.41 (s, 3H, CH,), 2.74 (s, 3H, CH;), 4.28 (d,
1H, J = 17 Hz, CH,), 4.82 (s, 1H, CH), 4.88 (d, 1H, J = 17 Hz.
CH,), 7.07-7.18 (m, 4H, H,,); “C NMR (75 MHz, CDCl;) ¢
21.5 (CH,), 23.6 (CH,), 24.8 (CH,), 44.4 (CH,), 58.8 (C), 68.5
(CH), 125.8 (CH,,,), 127.1 (CH,,,), 127.9 (CH,,,), 129.3 (CH,,,),
130.9 (C,.-S), 131.9 (C,,,—C), 158.5 (C=0); MS (m/z: EI) 248
(M").

2-Benzyl-2,3,3a,9-tetrahydro-3,3-dimethylimidazo|5,1-5][1,3]-
benzothiazin-1-one (6k). This product was isolated as white
crystals in 58% yield; mp 112 °C (cyclohexane); Found: C,
70.20; H, 6.08; N, 8.51. Calc. for C,yH,N,OS: C, 70.34; H,





6.21; N, 8.63%; IR v,.. (KBr)/cm™' 1694 (C=0); '"H NMR
(300 MHz, CDCL,) 6 1.24 (s, 3H, CH,), 1.27 (s, 3H, CH,), 4.23
(d, 1H, J = 16 Hz, CH,), 4.36 (d, 1H, J = 16 Hz, CH,), 4.61 (d,
1H, J = 16 Hz, CH,), 4.81 (s, 1H, CH), 5.01 (d, 1H, J = 16 Hz,
CH.), 7.11-7.30 (m, 9H, H,.); *C NMR (75 MHz, CDCL,) o
22.2 (CH,), 25.1 (CH,), 43.1 (CH.), 44.4 (CH,), 59.6 (C), 68.7
(CH), 125.8 (CH,,,), 127.0 (CH,,,), 127.1 (CH,,,), 127.2 (2 x
CH..,), 127.8 (CH,.), 128.5 (2 x CH,..), 129.3 (CH,.), 130.6
(Cas=S), 131.7 (Cro—C), 139.2 (C,o—C), 158.8 (C=0); MS (m/z:
EI) 324 (M").

General procedure for N-alkylation of 5,5-dimethylhydantoin
(8). To a stirred mixture of 5,5-dimethylhydantoin (8, 2.56 g,
20 mmol) and 18-C-6 (1% w/w) in 50 mL of dry toluene
were added solid potassium carbonate (2.92 g, 24 mmol) and
0.1 equiv. per mmol of 5,5-dimethylhydantoin (8) of potassium
iodide. After stirring for 25 min, o-ethylthiobenzyl bromide (7x,
5.52 g, 24 mmol) or o-benzylthiobenzyl bromide (7y, 7.04 g,
24 mmol)**¢ in 50 mL of dry toluene was added dropwise over a
period of 20 min. The mixture was then refluxed for 48 h under
stirring and cooled. After filtration over a short column of celite,
the organic phase was concentrated under reduced pressure and
the crude resulting solid was purified by flash chromatography
on silica gel with dichloromethane as eluent to give 3-alkylated-
5,5-dimethylhydantoin derivative 9x or 9y. All data for these
products are as follows.

3-(o-Ethylthiobenzyl)-5,5-dimethylhydantoin (9x). This
product was isolated as an uncolored oil in 63% yield; Found:
C, 60.18; H, 6.35; N, 9.87. Calc. for C,,H;3N,0,S: C, 60.40; H,
6.52; N, 10.06%; IR v,,, (KBr)/cm™ 3294 (NH), 1761 (C=0),
1712 (C=0); 'H NMR (300 MHz, CDCl;) ¢ 1.29 (t, 3H, J =
7 Hz, CH;), 1.44 (s, 6H, 2 x CHj;), 2.95(q, 2H, J = 7 Hz, CH,),
4.83 (s, 2H, CH,), 6.20 (s broad, 1H, NH), 7.00-7.21 (m, 3H,
H,.), 7.33-7.38 (m, 1H, H,,); *C NMR (75 MHz, CDCl;) ¢
14.5 (CH;), 25.2 (2 x CHj;), 28.4 (CH,), 40.1 (CH,), 59.0 (C),
126.5 (CH,,,), 126.6 (CH,,,), 128.0 (CH,,,), 130.4 (CH,,,), 134.9
(Cio-S), 135.8 (C,,,—C), 156.6 (C,=0), 177.3 (C,=0); MS (m/z:
EI) 278 (M*).

3-(0-Benzylthiobenzyl)-5,5-dimethylhydantoin (9y). This
product was isolated as a white—yellow solid in 73% yield; mp
88 °C (ethanol-cyclohexane); Found: C, 66.86; H, 5.78; N, 8.02.
Calc. for C,,H,)N,O,S: C, 67.03; H, 5.92; N, 8.23%; IR v
(KBr)/cm™" 3300 (NH), 1774 (C=0), 1714 (C=0); '"H NMR
(300 MHz, CDCl;) 0 1.44 (s, 6H, 2 x CHj;), 4.09 (s, 2H, CH,),
4.78 (s, 2H, CH,), 6.00 (s broad, 1H, NH), 7.02-7.07 (m, 1H,
H,,), 7.13-7.33 (m, 8H, H,,); "C NMR (75 MHz, CDCl;) ¢
25.3 (2 x CH,), 39.9 (CH,), 40.0 (CH,), 59.0 (C), 126.7 (CH,,,),
127.3 (CH,,,), 127.6 (CH,,,), 128.1 (CH,,,), 128.6 (2 x CH,,),
129.1 (2 x CH,po), 132.6 (CH,), 134.3 (C,i—S), 137.0 (C,,—C),
137.4 (C,,—C), 156.4 (C,=0), 177.2 (C,=O0); MS (m/z: EI) 340
(M”).

3-(o-Ethylthiobenzyl)-4-hydroxy-5,5-dimethylimidazolidin-2-
one (10x). According to the typical procedure reported above
for sodium borohydride reduction of N-protected imide 4,
this product was obtained in 94% yield as a white solid by
reduction of 3-(o-ethylthiobenzyl)-5,5-dimethylhydantoin (9x)
with 6 mole equiv. of NaBH, at 20 °C for 24 h in ethanol
and melted at 129 °C (ethanol); Found: C, 59.77; H, 7.05; N,
9.81. Calc. for C,,HxN,0,S: C, 59.97; H, 7.19; N, 9.99%; IR
Vmax (KBr)/cm=' 3299 (NH and OH), 1693 (C=0); '"H NMR
(300 MHz, CDCl;) ¢ 1.19 (s, 3H, CH;), 1.26 (s, 3H, CH,), 1.29
(t, 3H, J = 7 Hz, CH;), 2.92 (q, 2H, J = 7 Hz, CH,), 4.06 (d,
1H, J =10 Hz, OH), 4.39 (d, 1H, J = 10 Hz, CH), 4.41 (d, 1H,
J =15Hz, CH,), 4.75 (d, 1H, J = 15 Hz, CH,), 4.80 (s broad,
1H, NH), 7.12-7.35 (m, 4H, H,,,); *C NMR (75 MHz, CDCl,)
0 14.3 (CH,), 22.2 (CHs;), 27.8 (CH,). 28.2 (CH,), 41.7 (CH,),
56.5 (C), 86.7 (CH), 126.2 (CH,,,), 128.1 (CH,,,), 128.9 (CH,,,),
129.5 (CH,,), 135.7 (C,o-S), 136.7 (C,,,—C), 159.7 (C=0).

3-(o-Benzylthiobenzyl)-4-hydroxy-5,5-dimethylimidazolidin-2-
one (10y). According to the typical procedure reported
above for reduction of N-protected imide 4, this product was
obtained in 84% yield as a white—yellow solid by reduction
of  3-(o-ethylthiobenzyl)-5,5-dimethylhydantoin  (9y) with
6 mole equiv. of NaBH, at 20 °C for 24 h in ethanol and melted
at 150 °C (ethanol); Found: C, 66.54; H, 6.21; N, 8.03. Calc. for
CyH,,N,0,S: C, 66.64; H, 6.48; N, 8.18%; IR v,,,, (KBr)/cm™'
3363 (NH and OH), 1680 (C=0); 'H NMR (300 MHz,
DMSO-d¢) 6 1.10 (s, 3H, CH,), 1.12 (s, 3H, CH,), 4.15 (d, 1H,
J = 15 Hz, CH,), 4.23 (s, 2H, CH,), 4.33 (d, IH, J = 7 Hz,
CH),4.41(d, 1H, J = 15Hz, CH,), 591 (d, 1H, J = 7 Hz, OH),
6.73 (s broad, 1H, NH), 7.19-7.39 (m, 9H, H,,); "C NMR
(75 MHz, DMSO-d¢) 6 22.1 (CHj;), 27.9 (CH,), 36.5 (CH,),
40.6 (CH,), 55.6 (C), 85.7 (CH), 125.7 (CH,,,), 127.2 (CH,,,),
127.4 (CH,,,), 127.5 (CH,,,), 128.1 (CH,,,), 128.5 (2 x CH,,),
129.0 (2 x CH,,,), 134.9 (C,,-S), 136.9 (C,,,—C), 137.2 (C,,,—C),
158.9 (C=0).

1-(o-Ethylthiobenzyl)-4,5-dimethylimidazol-2(3H)-one (11x)
by simple transposition of 4-hydroxyimidazolidinone 10x in acid
medium. To a stirred solution of 4-hydroxyimidazolidinone
(10x, 560 mg, 2 mmol) in dry toluene was added a catalytic
amount of PTSA. After 48 h of reaction at reflux under
stirring, the reaction mixture was cooled, concentrated under
reduced pressure, diluted with water (10 mL) and CH,Cl,
(15 mL) and neutralized slowly on cooling with 5% NaOH
aqueous solution. The solution was extracted twice with CH,Cl,
(15 mL). The organic layer was washed with water, brine,
dried over MgSO, and evaporated. The resulting oily residue
was purified by flash chromatography using a mixture of
cyclohexane-AcOEt (1 : 1) as eluent to give the imidazolone
derivative 11x as yellow oil in 58% yield; Found: C, 64.00;
H, 6.76; N, 10.45. Calc. for C,HN,OS: C, 64.09; H, 6.91;
N, 10.68%; IR v, (KBr)/cm™' 3332 (NH), 1692 (C=0); 'H
NMR (300 MHz, CDCl;) 6 1.30 (t, 3H, J = 7 Hz, CH,),
1.74 (s, 3H, CH;), 1.96 (s, 3H, CH,), 2.92 (q, 2H, J = 7 Hz,
CH,), 491 (s, 2H, CH,), 7.11-7.21 (m, 3H, H,,), 7.31-7.34
(m, 1H, H,,), 9.79 (s broad, 1H, NH); MS (m/z: EI) 262
(M”).

General procedure for S-alkylation of 3-bromomethyl-5,5-
dimethylhydantoin (13). By using same protocol described
above for S-alkylation of 3-bromomethyl-5,5-dimethylhy-
dantoin (2), reaction of 3-bromomethyl-5,5-dimethylhydantoin
(13)"* with 1.2 mole equiv. of substituted thiophenol 12j,]-n in
the presence of MeONa (1.2 mole equiv.) in dry DMF at ambient
temperature for 12 to 24 h give suitable S-alkylated products
14j,}-n in good yields.

1,5,5-Trimethyl-3-phenylthiomethylhydantoin (14j). This
product was isolated as a white solid in 85% yield; mp
77 °C (ethanol); Found: C, 59.07; H, 6.10; N, 10.60. Calc. for
C;H¢N,O,S: C, 58.81; H, 6.02; N, 10.45%; IR v,,, (KBr)/cm™'
1776 (C=0), 1713 (C=0); '"H NMR (300 MHz, CDCl;) ¢ 1.26
(s, 6H, 2 x CHs;), 2.83 (s, 3H, CH;), 4.84 (s, 2H, CH,), 7.25-
7.31 (m, 3H, H,,,), 7.48-7.52 (m, 2H, H,,,); *C NMR (75 MHz,
CDCl;) ¢ 21.8 (2 x CHs;), 24.3 (CH;), 42.6 (CH,), 61.1 (C),
127.9 (CH,,,), 128.9 (2 x CH,,,), 132.6 (2 x CH,,,), 132.7 (C,,o—
S), 153.6 (C,=0), 175.3 (C,=0); MS (m/z: EI) 264 (M*).

3-(o-Bromophenyl)thiomethyl-1,5,5-trimethylhydantoin (141).
This product was isolated after a second chromatography
purification as a white—yellow solid in 85% yield; mp 110 °C
(ethanol-cyclohexane); Found: C, 45.31; H, 4.29; N, 8.00.
Calc. for C,;HsBrN,O,S: C, 45.49; H, 4.40; N, 8.16%; IR v,
(KBr)/cm™" 1775 (C=0), 1715 (C=0); 'H NMR (300 MHz,
CDCl;) 6 1.28 (s, 6H, 2 x CHs;), 2.83 (s, 3H, CH;), 4.88 (s, 2H,
CH,), 7.08-7.28 (m, 2H, H,,,), 7.56-7.67 (m, 2H, H,,,); “"C NMR
(75 MHz, CDCl;) 0 21.9 (2 x CH;), 24.4 (CH;), 42.1 (CH,), 61.2
(©), 127.9 (C,,—Br), 127.9 (CH,,,), 129.5 (CH,,,), 133.3 (CH,,,),
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134.1 (C,ro-S), 134.2 (CH,,,), 153.7 (C,=0), 175.5 (C,=O0); MS
(m/z: EI) 342 (M").

3-(0-Methoxyphenyl )thiomethyl-1,5,5 - trimethylhydantoin
(14m). This product was isolated as an uncolored oil in 75%
yield; Found: C, 57.00; H, 6.02; N, 9.37. Calc. for C,;H3sN,O;S:
C, 57.12; H, 6.16; N, 9.52%; IR v, (KBr)/cm™"' 1781 (C=0),
1714 (C=0); '"H NMR (300 MHz, CDCl;) 6 1.19 (s, 6H, 2 x
CHs;), 2.79 (s, 3H, CH,), 3.92 (s, 3H, OCH,), 4.85 (s, 2H, CH,),
6.76-6.88 (m, 2H, H,,), 7.29-7.42 (m, 2H, H,,); “C NMR
(75 MHz, CDCL;) 6 21.9 (2 x CHj;), 24.4 (CH,), 40.6 (CH,),
55.9 (OCH,), 62.1 (C), 111.0 (CH,,), 119.5 (C,,-S), 120.5
(CH,,), 130.6 (CH,,), 135.7 (CH,,), 154.0 (C,,—0O), 159.8
(C,=0), 175.7 (C,=0); MS (m/z: EI) 294 (M").

3-(m,p-Dimethoxyphenyl)thiomethyl-1,5,5-trimethylhydantoin
(14n). This product was isolated as an uncolored oil in 66%
yield; Found: C, 55.39; H, 6.02; N, 8.51. Calc. for C,sH,N,O,S:
C, 55.54; H, 6.21; N, 8.64%; IR v,,, (KBr)/cm™" 1770 (C=0),
1714 (C=0); 'H NMR (300 MHz, CDCl;) 6 1.25 (s, 6H,
2 x CH;), 2.82 (s, 3H, CH;), 3.82 (s, 3H, OCH;), 3.84 (s,
3H, OCH,), 4.77 (s, 2H, CH,), 6.74 (d, 1H, J = 8 Hz, H,,,),
7.01-7.06 (m, 2H, H,,,); *C NMR (75 MHz, CDCl;) 6 22.0 (2 x
CH,;), 24.5 (CH,), 43.5 (CH,), 56.0 (OCH;), 56.1 (OCH,), 61.3
(O), 111.3 (CH,,,), 116.6 (CH,,,), 123.6 (C,,,-S), 126.7 (CH,,,),
149.1 (C,,,—0), 149.5 (C,,,—0), 154.0 (C,=0), 175.6 (C,=0);
MS (m/z: EI) 324 (M™).

General procedure for regioselective reduction of 1,5,5-
trimethylhydantoin derivatives 14j,]-n. By using same protocol
described above for reduction of the positional isomers N-
protected imides 4, treatment of imides 14j,1-n with NaBH,
(6 mole equiv.) in dry ethanol at 20 °C for 12 to 46 h
(monitored by TLC using CH,Cl, as eluent) gives suitable 4-
hydroxyimidazolidinones 15j,1-n in good yields.

4-Hydroxy-1,5,5-trimethyl-3-phenylthiomethylimidazolidin-2-
one (15j). This product was isolated as a white solid in 82%
yield; mp 105 °C (ethanol); Found: C, 58.33; H, 6.65; N, 10.22.
Calc. for C;;H3N,O,S: C, 58.62; H, 6.81; N, 10.52%; IR v,
(KBr)/cm~' 3311 (OH), 1682 (C=0); '"H NMR (300 MHz,
CDCl;) 6 0.90 (s, 3H, CH;), 1.21 (s, 3H, CHj;), 2.60 (s, 3H,
CH,;), 3.58 (s broad, 1H, OH), 4.46 (d, 1H, J = 14 Hz, CH,),
4.72 (d, 1H, J = 10 Hz, CH), 5.15 (d, 1H, J = 14 Hz, CH,),
7.13-7.30 (m, 3H, H,,), 7.40-7.44 (m, 2H, H,,); “C NMR
(75 MHz, CDCl;) ¢ 19.1 (CH;), 23.2 (CHs;), 24.6 (CH;), 45.0
(CH,), 59.8 (C), 84.3 (CH), 127.0 (CH,,,), 129.1 (2 x CH,,),
130.6 (2 x CH,,), 134.0 (C,,-S), 157.2 (C=0).

3-(o-Bromophenyl)thiomethyl-4-hydroxy-1,5,5-trimethylimida-
zolidin-2-one (151). This product was isolated as a white solid
in 90% yield; mp 110 °C (ethanol-diethyl ether); Found: C,
45.04; H, 4.69; N, 8.02. Calc. for C,;H,,BrN,0O,S: C, 45.22; H,
4.96; N, 8.11%; IR v, (KBr)/cm™ 3309 (OH), 1685 (C=0);
'H NMR (300 MHz, CDCl;) ¢ 0.90 (s, 3H, CH;), 1.21 (s, 3H,
CH,), 2.60 (s, 3H, CH,), 3.58 (s broad, 1H, OH), 4.46 (d, 1H,
J = 14 Hz, CH,), 4.72 (d, 1H, J = 10 Hz, CH), 5.15 (d, 1H,
J = 14 Hz, CH,), 7.13-7.30 (m, 3H, H,,), 7.40-7.44 (m, 2H,
H,,); "C NMR (75 MHz, CDCl;) ¢ 19.0 (CH;), 23.2 (CH,),
24.6 (CH,), 44.2 (CH,), 59.8 (C), 84.1 (CH), 124.7 (C,,—Br),
127.7 (CH,,,), 128.0 (CH,,,), 130.4 (CH,,,), 133.1 (CH,,,), 135.4
(Ciro-S), 157.1 (C=0).

4-Hydroxy-3-(o-methoxyphenyl)thiomethyl-1,5,5-trimethyl-
imidazolidin-2-one (15m). This product was isolated as a white
solid in 69% yield; mp 117 °C (ethanol-ethyl acetate); Found:
C, 56.57; H, 6.65; N, 9.23. Calc. for C,H»N,0;S: C, 56.73; H,
6.80; N, 9.45%; IR v, (KBr)/cm™ 3305 (OH), 1687 (C=0);
'"H NMR (300 MHz, CDCl;) ¢ 0.92 (s, 3H, CH,), 1.20 (s, 3H,
CH,), 2.57 (s, 3H, CH,), 3.90 (s, 4H, OH and OCH;), 4.47 (d,
1H, J = 13 Hz, CH,), 4.73 (d, 1H, J = 10 Hz, CH), 5.11 (d,
IH, J = 13 Hz, CH,), 6.81-6.88 (m, 2H, H,,), 7.18-7.21 (m,
1H, H,,), 7.38-7.42 (m, 1H, H,,); "C NMR (75 MHz, CDCl;)
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5 19.1 (CH,), 23.3 (CH,), 24.6 (CH,), 43.8 (CH.,), 55.9 (OCH,),
59.7(C), 84.6 (CH), 110.9 (CH,,,), 121.0 (CH,,), 121.3 (Cors-S),
129.1 (CH,,,), 133.2 (CH,,,), 157.1 (C,.,—0), 158.5 (C=0).

4 - Hydroxy - 3 - (m,p - dimethoxyphenyl )thiomethyl - 1,5,5 - tri -
methylimidazolidin-2-one (15n). This product was isolated as
a white—yellow solid in 95% yield; mp 92 °C (ethanol); Found:
C, 55.03; H, 6.56; N, 8.40. Calc. for C;sH;,N,O,S: C, 55.19; H,
6.79; N, 8.58%; IR v, (KBr)/cm~" 3308 (OH), 1687 (C=0);
'H NMR (300 MHz, CDCl;) ¢ 0.90 (s, 3H, CHj;), 1.20 (s,
3H, CH;), 2.57 (s, 3H, CH,), 3.81 (s, 3H, OCH;), 3.82 (s, 3H,
OCH,), 4.09 (d, 1H, J = 10 Hz, OH), 4.38 (d, 1H, J = 14 Hz,
CH,), 4.70 (d, 1H, J = 10 Hz, CH), 5.06 (d, 1H, J = 14 Hz,
CH,), 6.73 (d, 1H, J = 8 Hz, H,,,), 6.94-6.99 (m, 2H, H,,,); *C
NMR (75 MHz, CDCl;) ¢ 19.0 (CH;), 23.4 (CH,), 24.6 (CH,),
45.9 (CH,), 56.0 (OCH5;), 56.1 (OCH;), 59.8 (C), 84.4 (CH),
111.6 (CH,,), 114.7 (CH,,,), 124.4 (CH,,,), 124.6 (C,,,-S), 148.7
(Cire—0), 149.2 (C,,,—0), 157.1 (C=0).

General procedure for cyclisation of 4-hydroxyimidazolidinones
10x,y and 15j,]-n; access to tricyclic /V,S-acetals 6a and 6j,1-
n. By using the well-established acid protocol described above
for cyclisation of 4-hydroxyimidazolidinones 5, N-acyliminium
ions precursors 10x,y and 15j,1-n after treatment with TFA at
ambient temperature for 24 h led to suitable cyclised products
6a and 6j,1-n, respectively, in appreciable to good yields.

2,3,3a,9-Tetrahydro-3,3-dimethylimidazo|S,1-b][1,3|benzothiazin-
1-one (6a).

Method A. This product, which was identical to that de-
scribed above, was obtained from hydroxylactam 10y and TFA
at reflux for 48 h in 52% yields.

Method B. Product 6a was also obtained in 67% yield from
imidazolone 11x by refluxing in TFA for 48 h.

2,3,3a,9-Tetrahydro-2,3,3-trimethylimidazo|5,1-5][1,3]benzo-
thiazin-1-one (6j). This product, which was identical to that
described above, was obtained from 4-hydroxyimidazolidinone
15j and neat TFA at room temperature for 48 h in §9% yield.

X-Ray crystallographic analysis of benzothiazinone (6j)i.
C;HsN,OS, M, = 248.34, orthorhombic, Pna2,,a = 19.225(8),
b =10.950(4), c = 6.047(9) A, V = 127302) A3, Z =4, D, =
1.296 Mg.m~*, A(Mo Ka) = 0.71073 A, iz = 2.40 cm™', F(000) =
528, T = 293 K. The sample (0.36*%0.32*0.30 mm) is studied
on an automatic diffractometer CAD4 NONIUS with graphite
monochromatized Mo Ka radiation.' The cell parameters are
obtained by fitting a set of 25 high-theta reflections. The data
collection (20,,,, = 54°,scan w/20 =1, t,,,, = 60 s, range HKL: H
0,24 K 0,13 L 0,7) gives 1511 unique reflections from which 1209
with I > 2.0g(I). After Lorenz and polarization corrections'’
the structure was solved with STR-97* which reveals the non
hydrogen atoms of the compound. After anisotropic refinement
a Fourier difference reveals many hydrogen atoms. The whole
structure was refined with SHELX1.97" by the full-matrix least-
square techniques (use of F square magnitude; x, y, z, §; for S, C,
O and N atoms, x, y, z in riding mode for H atoms; 155 variables
and 1209 observations; calc. w = 1/[¢*(Fo?) +(0.109P)?] where
P = (Fo* + 2Fc*)/3 with the resulting R = 0.048, Rw = 0.145
and Sw = 1.057 (residual Ap < 0.40 eA3).

Atomic scattering factors from International Tables for X-ray
Crystallography (1992). Ortep views realized with PLATON98%
and Ortep-3 for windows.?" All the calculations were performed
on a Pentium NT Server computer. See the electronic supple-
mentary information for further data on compound 6;.

5-Bromo-2,3,3a,9-tetrahydro-2,3,3- trimethylimidazo[ 5,1- 5]
[1,3]benzothiazin-1-one (61). This product was isolated as an
uncolored oil in 100% yield; Found: C, 47.58; H, 4.41; N, 8.34.
Calc. for C3HsBrN,OS: C, 47.71; H, 4.62; N, 8.56%; IR v,
(KBr)/cm™! 1703 (C=0); 'H NMR (300 MHz, CDCl;) 6 1.29
(s, 3H, CH,), 1.47 (s, 3H, CH,), 2.74 (s, 3H, CH,), 4.23 (d, 1H,
J = 16 Hz, CH,), 4.84 (s, IH, CH), 4.89 (d, 1H, J = 16 Hz,





CH.,), 6.96 (dd, 1H, J = 2 and 7 Hz, H,,,), 7.09 (d, 1H, J = 7 Hz,
H,.), 7.41 (dd, 1H, J = 2 and 7 Hz, H,,,); *C NMR (75 MHz,
CDCly) d 21.1 (CHy), 23.3 (CH,), 24.6 (CH,), 44.1 (CH.), 58.8
(C), 68.4 (CH), 123.2 (C,,—Br), 125.8 (CH,,,), 126.3 (CH,,,),
130.9 (CH,,), 132.5 (C,,-S), 133.0 (C,,,—C), 157.9 (C=0); MS
(m/z: EI) 326-328 (M").

2,3,3a,9-Tetrahydro-5-methoxy-2,3,3-trimethylimidazo| 5,1 -
b][1,3]benzothiazin-1-one (6m). This product was isolated as a
white solid in 100% yield; mp 124 °C (ethanol-hexane); Found:
C, 60.18; H, 6.34; N, 9.87. Calc. for C,,H;3sN,O,S: C, 60.40; H,
6.52; N, 10.06%; IR v, (KBr)/cm™ 1694 (C=0); 'H NMR
(300 MHz, CDCl;) ¢ 1.28 (s, 3H, CH,;), 1.46 (s, 3H, CHj;), 2.75
(s, 3H, CH,), 3.86 (s, 3H, OCH,), 4.31 (d, 1H, J = 17 Hz, CH,),
4.75 (s, 1H, CH), 4.91 (d, 1H, J = 17 Hz, CH,), 6.68-6.79 (m,
2H, H,,), 7.02-7.11 (m, 1H, H,,,); *C NMR (75 MHz, CDCl,)
0 21.2 (CH,), 23.5 (CH;), 24.7 (CH,;), 43.8 (CH,), 56.0 (OCHs;),
58.9 (C), 67.1 (CH), 108.3 (CH,,,), 120.2 (CH,,,), 120.5 (C,,.-S),
125.4 (CH,,,), 131.1 (C,,,—C), 155.9 (C,,,—0), 158.3 (C=0); MS
(m/z: EI) 278 (M*).

2,3,3a,9-Tetrahydro-6,7-dimethoxy-2,3,3-trimethylimidazol[5, 1-
b][1,3]benzothiazin-1-one (6n). This product was isolated as a
white solid in 44% yield; mp 183 °C (ethanol); Found: C, 58.23;
H, 6.31; N, 8.82. Calc. for C,sH,,N,O,S: C, 58.42; H, 6.54; N,
9.08%; IR v, (KBr)/cm™' 1690 (C=0); '"H NMR (300 MHz,
CDCl;) 6 0.68 (s, 3H, CHs;), 1.46 (s, 3H, CH;), 2.72 (s, 3H,
CH,;), 3.83 (s, 3H, OCH,;), 3.84 (s, 3H, OCH;), 4.13 (d, IH, J =
12 Hz, CH,), 4.66 (s, 1H, CH), 5.05 (d, 1H, J = 12 Hz, CH,),
6.55(s, 1H, H,,,), 6.70 (s, 1H, H,,); *C NMR (75 MHz, CDCl;)
0 19.5 (CH,), 25.2 (CH,), 26.1 (CH,), 43.4 (CH,), 56.0 (OCHS,),
56.2 (OCH,), 63.3 (C), 64.0 (CH), 111.3 (CH,,,), 112.7 (CH,,,),
121.5 (C,-S), 125.8 (C,,,—C), 147.4 (C,,,—O), 148.2 (C,,,—0),
158.4 (C=0); MS (m/z: EI) 308 (M*).
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The efficient total synthesis of biologically interesting (4)-daurichromenic acid is accomplished starting from
2,4-dihydroxy-6-methylbenzoic acid or 2,4-dihydroxy-6-methylbenzaldehyde in one or two steps.

Introduction

Daurichromenic acid (1) was isolated from the leaves and twigs
of Rhododendron dauricum, a plant found in areas of northern
China, eastern Siberia, and Hokkaido, Japan (Fig. 1).! The dried
leaves of this plant are known as “manshanfong” in China and
are used in medicines for as an expectorant and for the treatment
of acute—chronic bronchitis.> Rhododaurichromanic acid A (2)
and rhododaurichromanic acid B (3) were also isolated from
the same plant.* Daurichromenic acid (1) has shown highly
potent anti-HIV activity with an ECs, of 0.00567 pg mL~" and a
therapeutic index (TT) of 3710.! Rhododaurichromanic acid A
(2) has also shown potent anti-HIV activity with an EC;, value
of 0.37 uygmL~" and a TT 0f 91.9.

O OH

Rhododaurichromanic acid A Rhododaurichromanic acid B

Fig. 1

The total synthesis of daurichromenic acid (1), rhododau-
richromanic acid A (2), and rhododaurichromanic acid B (3)
has been already reported by other groups.** The synthesis of
the methyl ester of daurichromenic acid was first accomplished
by Knoevenagel condensation followed by an electrocycliza-
tion reaction starting from 5-methyl-1,3-cyclohexanedione with
trans,trans-farnesal in the presence of piperidine and Ac,O
using a sealed tube in 3 steps (22%, overall yield) by Hsung.*
However, he was not able to find suitable reaction conditions
of hydrolysis of methyl ester to complete a total synthesis of
daurichromenic acid (1). The hydrolysis of the methyl and ethyl
ester of 1 has been already reported to have a problem by two
groups.*® In most cases, decarboxylation occurred readily. The
other concise total synthesis of daurichromenic acid (1) has been
reported by Jin.® Daurichromenic acid (1) was accomplished in
5 steps (49%, overall yields) starting from orcinol. The key step

T Electronic supplementary information (ESI) available: NMR spectra.
See http://dx.doi.org/10.1039/b508577b

This journal is © The Royal Society of Chemistry 2005

in the synthetic strategy involves a microwave-assisted tandem
condensation and intramolecular Sy2'-type cyclization in the
presence of CaCl, and triethylamine. Further conversion of
1 to 2 and 3 was also accomplished by Jin utilizing photo-
chemical reaction. More recently, another concise synthesis of
1 has been accomplished in 4 steps (6%, overall yields) from
ethyl acetoacetate and ethyl crotonate by Wilson.® Although
there are currently several methods available to synthesize
daurichromenic acid (1), rhododaurichromanic acid A (2), and
rhododaurichromanic acid B (3), these synthetic approaches
have been limited due to long reaction steps, low yields, and
stoichiometric amounts of the catalyst, and harsh reaction con-
ditions in relation to sealed tube or microwave irradiation. The
necessity for overcoming these problems has prompted research
for improved synthetic approaches of daurichromenic acid (1).
We report herein very efficient total synthesis of daurichromenic
acid (1) starting from readily available 2,4-dihydroxy-
6-methylbenzaldehyde (4) or 2,4-dihydroxy-6-methylbenzoic
acid. (7)

Results and discussion

The synthesis of the benzopyran skeleton as a core of dau-
richromenic acid (1) was first examined from 2,4-dihydroxy-6-
methylbenzaldehyde (4) as shown in Scheme 1. In order to avoid
a hydrolysis reaction, 2,4-dihydroxy-6-methylbenzaldehyde (4)
was selected as a starting material.” The methods for the
preparation of 2H-benzopyrans have been reported by many
groups.® Among these, the reaction conditions using Ca(OH),—
EtOH or pyridine at 140 °C described by Shigemasa®* or
Zamarlik¥ appeared to be quite promising for the synthesis of
benzopyrans. However, reaction of 4 with trans,trans-farnesal
(5) in the presence of Ca(OH),~-EtOH or in refluxing pyridine
gave no expected product 6. Thus, we investigated the possibility
of the use of other catalysts to furnish 6. The result was observed
when reaction was treated under ethylenediamine diacetate as
a catalyst. Reaction of 4 with trans,trans-farnesal (5) in the

O OH O OH
HoNF = =
ethylenediamine diacetate ‘\/Y\/Y
HsC (0]
HC™ 7 OH (10 mol %) Ea 60%
xylene
reflux, 6 h NaClO,/NaH,PO,
2-methyl-2-butene
t-BuOH, acetonitrile
DME, H,0
O OH
HO A
- X X
MG o \W
1 78%
Scheme 1
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presence of 10 mol% ethylenediamine diacetate in refluxing
xylene for 6 h afforded product 6 in 60% yield. It has been
demonstrated that ethylenediamime diacetate-catalyzed reac-
tion of 1,3-dicarbonyl compounds with enals readily afforded
2H-pyrans by Tietze.® However, ethylenediamime diacetate-
catalyzed reaction of phenolic compounds with o, -unsaturated
aldehydes has not been reported. To complete the total synthesis,
cycloadduct 6 was reacted under several oxidants. Oxidation of
6 with Jones’ reagent,” Ag,0-NaOH,!" and oxone' gave no
expected product 1. Fortunately, reaction of 6 with buffered
sodium chlorite at room temperature for 10 h led to dau-
richromenic acid (1) in 78% yield. The spectroscopic data of
synthetic material 1 are in agreement with those reported in the
literature.!

Next, in order to demonstrate the novelty and usefulness of
ethylenediamine diacetate as a new catalyst in the synthesis of
daurichromenic acid (1), a one step reaction was attempted
starting from 2,4-dihydroxy-6-methylbenzoic acid (7) as shown
in Scheme 2."* Reaction of 7 with trans,trans-farnesal (5) in
the presence of 10 mol% ethylenediamine diacetate in refluxing
benzene for 5 h gave adduct 1 in 59% yield. The spectroscopic
data of our synthetic material 1 are in agreement with those
reported in the literature.!

o}
O OH H Z Z 7 0 OH
H0Jj©\ i Ho N x x
HaC OH ethyleg::zizr:é??e(;lijietate HaC o \/YVY
7 5h ! 59%

Scheme 2

In conclusion, the concise total synthesis of daurichromenic
acid (1) has been accomplished in 2 steps from readily available
material, 2,4-dihydroxy-6-methylbenzaldehyde (4). The overall
yield is 47%. Also, one step synthesis of 1 has been carried
out from 7 in 59% yield. Further synthetic approaches of
the analogues of 1 are in progress to sight structure-activity
relationships of this potent anti-HIV lead compound.

Experimental

All experiments were carried out under a nitrogen atmosphere.
Merck precoated silica gel plates (Art. 5554) with fluores-
cent indicator were used for analytical TLC. Flash column
chromatography was performed using silica gel 9385 (Merck).
'H NMR spectra were recorded on a Bruker Model ARX
(300 MHz) spectrometer. *C NMR spectra were recorded on
a Bruker Model ARX (75 MHz) spectrometer. Refer to the
supplementary information for details of the NMR spectra. IR
spectra were recorded on a Jasco FTIR 5300 spectrophotometer.
HRMS mass spectra were carried out by Korea Basic Science
Institute.

5-Hydroxy-2,7-dimethyl-2-(4,8-dimethyl-3 E,7-nonadienyl)-2 H -
chromene-6-carbaldehyde (6)

2,4-Dihydroxy-6-methylbenzaldehyde (4) (456 mg, 3 mmol) and
trans,trans-farnesal (5) (792 mg, 3.6 mmol) were dissolved
in xylene (20 mL), and ethylenediamine diacetate (48 mg,
0.3 mmol) was added at room temperature. The mixture was
refluxed for 6 h and then cooled to room temperature. Removal
of solvent at reduced pressure left an oily residue, which was then
purified by column chromatography on silica gel using hexane—
ethyl acetate (15 : 1) to give product 6 (637 mg, 60%) as an
oil: "H NMR (300 MHz, CDCl;) 6 1.38 (s, 3H), 1.54 (s, 3H),
1.56 (s, 3H), 1.64 (s, 3H), 1.60-1.82 (m, 2H), 1.85-2.11 (m, 6H),
2.44 (s, 3H), 5.03-5.10 (m, 2H), 5.46 (d, 1H, J = 10.1 Hz), 6.13
(s, 1H), 6.67 (d, 1H, J = 10.1 Hz), 9.99 (s, 1H), 12.64 (s, 1H);
BC NMR (75 MHz, CDCl;) 6 16.4, 18.1, 18.7, 23.0, 26.1, 27.0,
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27.7, 39.9, 42.1, 81.0, 107.3, 111.4, 113.5, 116.2, 124.0, 124.7,
126.7, 131.7, 135.9, 144.0, 161.0, 161.5, 193.2; IR (neat) 2967,
2926, 1640, 1568, 1483, 1451, 1385, 1294, 1252, 1157, 1063,
1003, 897 cm™'; HRMS m/z (M*) calcd for C,3H;,05: 354.2195.
Found: 354.2196.

(£)-Daurichromenic acid (1)

Oxidation of 6. To a solution of the aldehyde 6 (200 mg,
0.56 mmol) in 7-butanol (3 mL), acetonitrile (3 mL), 2-methyl-2-
butene (2 mL), and DME (1 mL) was added NaH,PO, (336 mg,
2.80 mmol) and NaClO, (253 mg, 2.80 mmol, dissolved in
I mL of water) at 0 °C. The resulting mixture was warmed
slowly to room temperature and stirred for 12 h. Brine (15 mL)
was added, and the resultant solution was extracted with ethyl
acetate (20 mL x 3). The combined organic extracts were
washed with brine (10 mL), dried over anhydrous MgSO,,
and concenturated in vacuo. The crude product was then
purified by flash chromatography using hexane-ethylacetate
(1 : 1) as the eluant to afford 1 (163 mg, 78%) as an
oil: '"H NMR (300 MHz, CDCl;) § 1.38 (s, 3H), 1.55 (s,
3H), 1.57 (3H, s), 1.65 (s, 3H), 1.70-1.80 (m, 2H), 1.86—
2.12 (m, 6H), 2.51 (s, 3H), 5.03-5.10 (m, 2H), 5.46 (d, 1H,
J =10.1 Hz), 6.23 (s, 1H), 6.71 (d, 1H, J = 10.1 Hz), 11.72 (s,
1H); C NMR (75 MHz, CDCl;) ¢ 16.1, 17.7, 22.6, 24.6, 25.7,
26.8, 27.2, 39.7, 41.7, 80.3, 103.6, 107.0, 112.3, 116.7, 129.9,
124.4, 126.5, 131.4, 135.6, 144.5, 159.1, 160.7, 176.3; IR (neat)
2926, 1620, 1454, 1381, 1269, 1177, 908 cm™'; HRMS m/z (M*)
calcd for C,;H;,0,: 370.2144. Found: 370.2142.

Cycloaddition of 7.  2,4-Dihydroxy-6-methylbenzoic acid (7)
(168 mg, 1.0 mmol) and trans,trans-farnesal (5) (264 mg,
1.2 mmol) were dissolved in benzene (20 mL), and ethylenedi-
amine diacetate (18 mg, 0.1 mmol) was added at room tempera-
ture. The mixture was refluxed for 5 h and then cooled to room
temperature. Removal of solvent at reduced pressure left an oily
residue, which was then purified by column chromatography on
silica gel using hexane—ethyl acetate (1 : 1) to give product 1
(218 mg, 59%).
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The ability of the jack bean lectin concanavalin A (ConA)
to bind seven membered ring (septanose) monosaccharides
has been investigated by isothermal titration calorimetry
(ITC) and saturation transfer difference (STD) NMR
spectroscopy.

A number of biologically important associations are mediated
by protein—carbohydrate interactions. Examples that are often
cited include cell-cell interactions in normal and diseased
states,! bacterial and viral invasion into cells,> and tissue
development.® Intracellular events such as editing of protein
folding* and cell signalling® are also mediated by protein—
carbohydrate interactons. The protein hosts of the carbohydrate
ligands often demonstrate a high degree of selectivity for the
anomeric configuration and conformation of their respective
guests despite the modest affinities that are characteristic of
protein—carbohydrate interactions. Affinity in these systems is
governed by the number of individual associating groups® in
concert with solvation/desolvation of ligands, van der Waals
interactions, and hydrogen bonding complementarity between
the protein and the ligand. Although typical investigations of
protein—carbohydrate interactions have focused on pyranose
carbohydrates as ligands, we became interested in answering the
question, “can an unnatural seven membered ring (septanose)
sugar be bound by a natural lectin?”

The recent introduction of expanded (or homologated) nucleic
acids’ and peptides® illustrates a general strategy toward the
development of novel biomolecule analogs inspired by their
natural counterparts. These unnatural structures are interesting
because of their potential to interact with biological systems
in a rational manner or in defining completely new systems.’
Despite the conceptual simplicity of the homologation strategy,
a systematic investigation of carbohydrates using this approach
has remained relatively undeveloped.'®" As part of a research
program concerned with the preparation and analysis of seven
membered ring (septanose) carbohydrates,'™* we have discov-
ered that the jack bean lectin concanavalin A (ConA) selectively
binds B-septanosides in contrast to its natural selectivity for
a-pyranoside ligands. The thermodynamic'® and structural'®!’
characterization of ConA-carbohydrate complexation made
ConA an attractive model system for the investigation of
protein—septanose interactions. The results reported here pro-
vide direct evidence for the ability of natural proteins to bind
unnatural septanose monosaccharides.

Binding of ConA to carbohydrates 1-7, shown in Fig. 1,
was monitored by ITC. Titration of ConA with substrates 1,
2, 6, and 7 indicated exothermic binding, while substrates 3—
5 showed no change in enthalpy. The raw data were corrected
for heats of dilution, and the binding parameters were obtained

1 Electronic supplementary information (ESI) available: STD NMR
measurement details, STD spectra, NMR data, and ITC measurement
details and data. See DOI: 10.1039/5509243d
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Fig. 1 Methyl a-pyranosides (1, 2), methyl a-septanosides (3-5), and
methyl B-septanosides (6, 7).

by fitting the data to a single binding site model. The binding
constants measured for methyl o-D-mannoside (1) and methyl
a-D-glucoside (2) are characteristic of protein—carbohydrate
interactions™ and in good agreement with the reported values
(Table 1)."** While the possibility of an enthalpically neutral
binding event between a-septanosides 3—5 and ConA is formally
possible, we consider it unlikely based on the available data.
The B-septanosides 6 and 7 indicated binding affinities that were
15-20 times weaker than methyl o-D-mannoside and 4-5 times
weaker than methyl o-D-glucoside (2); the ITC binding data
for the ConA-6 interaction is shown in Fig. 2. Although of
low affinity, this is the first demonstration of the binding of an
unnatural ring expanded carbohydrate by ConA.

According to the data in Table 1, association of ConA with
6 and 7 was governed largely by the TAS term. This is in
contrast to association of ConA with 1 and 2 where the AH
term was dominant. One explanation of this switch could be that
because pyranoses and septanoses are of nearly equal dynamic
flexibility," the entropic contribution involves release of water
molecules in going from the free to the bound state. This would
include differential solvation/desolvation of the binding pocket
or of the ligands. For example, the septanoses have a larger
volume than pyranoses and an additional hydroxyl group. The
stoichiometry () of ligands:binding sites for 6 and 7 also
deviated from the expected value of one.” On the other hand,
the B-septanosides 6 and 7 showed a high degree of selectivity
(~400 : 1 or greater) with respect to the corresponding o-
anomers 3-5. This observation implied that ConA bound 6
and 7 at a discrete binding site rather than as a non-specific
association. The discrepancies in thermodynamic parameters
associated with the B-septanosides were likely to have been
related to the low affinity of the interaction and will be discussed
more below.

We next investigated the ConA-septanoside complexes by
STD NMR spectroscopy*** to corroborate the ITC data and
to collect more specific information about the nature of the
interaction. STD has been a useful tool for characterizing
protein-ligand interactions; it allows observation of NMR

Org. Biomol. Chem., 2005, 3, 3869-3872
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Table 1 Thermodynamics of binding (298 K) for ConA with methyl glycosides 1-7*

Entry Ligand K,/M™! N AG/kcal mol™ AH /kcal mol™! TAS/kcal mol™!
1 1 7.9+ 1.0 x 10° 0.83 +0.18 —5.5+0.1 —4.5+£0.03 —0.11+0.2

2 2 2.0+0.2x 10° 0.87 £0.03 —4.54+0.03 -3.5+09 0.98 +£0.2

3 3 NB — — — —

4 4 NB — — — —

5 5 NB — — — —

6 6 52403 x 102 32409 —3.74+0.1 —0.83+0.1 29+0.2

7 6 4.5+0.7 x 10? 1* —3.6 £0.09 —27+£0.2 0.95+0.3

8 7 3.9+0.5x 102 44+04 —3.6+£0.05 —0.72+ 0.1 2.8+0.2

9 7 4.8 £2.0 x 10? 1’ —-3.6+0.3 —244+0.8 1.2+1.1

“[ConA] was between 0.200-0.300 mM and [1-7] were between 15-30 mM (see the electronic supplementary information, ESIt). ConA was dimeric
under the experimental conditions. Buffer: 50 mM 3,3-dimethylglutarate pH 5.2, 250 mM NaCl, 1 mM CaCl,, ] mM MnCl,. ® Data were fitted with

the ligand : ConA stoichiometry (N) manually fixed at one.
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Fig. 2 Calorimetric titration of ConA (0.200 mM) with 6 (25.0 mM)
at 298 K. See Table 1 for complete experimental conditions.

signals that arise through selective transfer of magnetization
from the protein to bound ligands. A sample of methyl B-
D-glycero-D-guloseptanoside (6) (8 mM) in the presence of
ConA (100 uM) showed STD signals indicative of binding
(Fig. 3). H2 to H7 (septanose numbering) and the anomeric
methoxy group were all in contact with ConA while the weak
H1 signal suggested that it was not in close contact with

3870 | Org. Biomol. Chem., 2005, 3, 3869-3872
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b

Fig.3 (A) NMR spectra of 6 (8 mM) in the presence of ConA (100 uM)
(50 mM CD;CO,D pH 4.7, 250 mM NaCl, | mM CaCl,, 1 mM MnCl,
in D,0) and (B) STD spectrum of the same complex.

the protein. Similar STD spectra were obtained when either
the related methyl B-3-deoxy-D-glycero-D-guloseptanoside (7)
or methyl a-D-glucoside (2) (as a control) was used as ligand.
Additional control STD experiments using methyl a-D-glycero-
D-idoseptanoside (3) or methyl B-D-glucoside as ligand gave
rise to significantly attenuated STD signals suggestive of no
binding by ConA to these ligands (see electronic supplementary
information, ESIY).

An STD NMR competition experiment was conducted to
confirm that the B-septanoside ligands were bound by ConA
in a way that is analagous to o-pyranosides. Fig. 4 shows
STD spectra of: (A) 4 mM methyl o-D-mannoside (1); (B)
4 mM [-3-deoxy-D-glycero-D-guloseptanoside (7); and (C)a 1 :
1 mixture of 1 and 7 (4 mM each) all in the presence of ConA
(100 uM). The appearance of STD signals in each experiment
suggested ligand binding by ConA. The STD spectrum of
the competition experiment (Fig. 4C) corresponded best with
methyl a-D-mannoside (1), suggesting that the B-septanosides
were in fact being bound in the same pocket of ConA as
a-pyranosides. Overall, the results of the STD experiments
reinforced the pattern of recognition from the ITC experiments
and also demonstrated that -septanosides were recognized at
the ligand (o-pyranoside) binding site of ConA.

The results of the STD competition experiment prompted
us to reconsider the thermodynamic parameters obtained by
ITC. The low affinities of ConA for 6 and 7 measured resulted in
a ¢ parameter (¢ = 0.1) that probably compromised the accuracy
in the determination of stoichiometery (N) and underestimated
the magnitude of the AH values.”>® By fixing the N value to
one (Table 1, entries 7, 9) in the analysis of the ITC data for 6
and 7, a different picture for the thermodynamics of binding
emerged. We argue that fixing the N value was valid based
on the inherent selectivity () amongst the methyl septanosides
3-7 and because they are bound in the same pocket of ConA
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Fig.4 STD NMR spectra of: (A) 1 (4 mM); (B) 7 (4 mM); and (C) 1 (4 mM) and 7 (4 mM), all in the presence of ConA (100 uM) (50 mM CD,CO,D

pH 4.7, 250 mM NacCl, | mM CacCl,, | mM MnCl, in D,0).

as pyranosides. The association constants remained similar to
those from the floating fits under this restricted computational
treatment.”* Additionally, the AH terms approached values that
are similar to pyranosides, again implying that ConA binds
septanosides in a manner similar to pyranosides. Specifically, it
suggested to us that the B-septanosides were making a collection
of contacts with ConA reminiscient of a-pyranosides. It is
important to emphasize that the approximation made here
simply informs the original question on whether unnatural
septanose monosaccharides can be bound by ConA.*

While the specific structural details that describe the associa-
tion observed here have yet to be elucidated, our interpretation
of the binding for methyl glycosides 1-7 uses knowledge about
the conformation of each ligand and the ConA binding pocket
defined by the known crystal structures. Pyranosides 1 and 2 are
known to take up a *C, conformation. We have recently reported
that septanosides such as 3 and 6 adopt one conformation
(**TCs4 and °°TC,s, respectively) in solution.* The crystal
structure of 4, the 2-deoxy analog of 3% also showed a **TC;
conformation. Manual overlays of 4 or 6 with the methyl a-D-
glucoside (2) taken from the ConA-2 crystal structure'® show
good overlap indicating that their conformations are similar.
Further, all the ligands share the same stereochemistry from C3
to C6 (pyranose numbering)- the region that makes contact with
ConA. Assuming a common binding orientation for pyranoses
and septanoses, the B-septanosides are likely to be of lower
affinity than a-pyranosides due to the mismatch between the
expanded ring size and the binding pocket of ConA. As with
pyranosides, consideration of steric interactions between the
aglycon methyl group of the ligands and the leucine residue
99 (L99) of ConA may provide a rationale for the selectivity in
binding B- rather than a-septanosides.

In summary, the data show that concanavalin A binds methyl
B-D-septanosides with modest affinity and in preference to
methyl o-D-septanosides. Further, methyl B-D-septanosides are
bound competitively with the natural o-D-pyranoside ligands.
This is the first direct evidence for this class of ring expanded
carbohydrates being bound by a natural protein. Although the
affinities for septanosides reported here are low relative to their
pyranoside counterparts, the observation of binding broadens
the scope of protein—carbohydrate interactions generally. Our
current efforts include more detailed thermodynamic and struc-
tural characterization of the ConA—septanoside complexes and
preparation of new ligands to be used in the development
of structure-activity relationships based on the model for
septanose binding described here.
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Virulence-associated organelles, termed pili or fimbriae, are assembled via the highly conserved chaperone—usher
pathway in a vast number of pathogenic bacteria. Substituted bicyclic 2-pyridones, pilicides, inhibit pilus formation,
possibly by interfering with the active site residues Arg8 and Lys112 of chaperones in uropathogenic E. coli. In this
article we describe the synthesis and evaluation of nine analogues of a biologically active pilicide. Derivatization was
performed with respect to its C-terminal features and the affinities for the chaperone PapD were studied with 'H
relaxation-edited NMR spectroscopy. It could be concluded that the carboxylic acid functionality and also its spatial
location was important for binding. In all cases, binding was significantly reduced or even abolished when the
carboxylic acid was replaced by other substituents. In addition, in vivo results from a hemagglutination assay are
presented where the derivatives have been evaluated for their ability to inhibit pilus formation in uropathogenic

E. coli.

Introduction

Targeting bacterial pathogenicity in general and, more specif-
ically, pilus biogenesis is considered an attractive approach
to overcoming existing and increasing antibiotic resistance.'?
The virulence of uropathogenic E. coli (UPEC) depends on
adhesive organelles that are expressed on the cell surface of the
bacteria. These organelles, termed pili or fimbriae, are assembled
via the conserved chaperone—usher pathway present in a large
number of pathogenic microbes.* UPEC is the most common
cause of urinary tract infections (UTIs) and require pili for the
recognition of, and attachment to, host cells.

Pili are macromolecular fibers consisting of a number of
repeating protein subunits (PapA, E, F, G, H, and K in the case
of P pili, and FimA, F, G, and H in type 1 pili). Altogether,
the repeating subunits form a right-handed helical structure
of the pilus fiber where the major component is PapA or
FimA in P pili and type 1 pili, respectively. The carbohydrate-
recognizing subunit called the adhesin (PapG or FimH) is
located at the tip of each pilus fiber.** P pili mediate kidney
infections (pyelonephritis) while type 1 pili are related to bladder
infections (cystitis).*® Recently, pili have also been shown to
be present in the later stages of the infection cascade, possibly
facilitating escape of host defences and thereby causing severe
problems with recurrent UTIs.

In brief, pilus assembly via the chaperone-usher pathway
proceeds in a three-step process. First, pilus subunits are
translocated into the periplasm where they fold and form stable
chaperone—subunit complexes together with the chaperone
PapD or FimC. Then the chaperones transport the subunits
through the periplasm and target an outer membrane assembly
site in the form of an usher (PapC or FimD). Finally, the subunit
is incorporated into the growing pilus rod.?

The subunits have an immunoglobulin (Ig)-like fold but lack
their seventh B-strand.'® Owing to this they are unstable as

1 Electronic supplementary information (ESI) available: “C NMR
spectra of compounds 3-10, and chiral HPLC chromatograms and con-
ditions for compounds (+)-1, (—)-3 and (—)-5. See http://dx.doi.org/
10.1039/b509376g
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monomers and easily misfold and/or aggregate, leading to
proteolytical degradation.!'? Stabilization of the subunits is
possible if their Ig-fold is completed by an external source.
Either the lacking B-strand is provided by (i) the N-terminal
of its neighboring subunit as in the mature pilus fiber, or by
(i1) the G1 B-strand of the chaperone as in the chaperone—
subunit complex.”*'s Thus, when the complex is dissociated at
the usher location, the chaperone G1 B-strand is replaced by
the N-terminal of the most recently incorporated subunit in a
‘donor-strand exchange’ mechanism. Subunit stabilization by
the chaperone is termed ‘donor-strand complementation’.>¢

The features of the subunits necessitate chaperones for subunit
folding, stabilization and transport, and chaperone-deficient
strains are unable to produce pili."”'8

The crucial role of the chaperones in pilus biogenesis
has resulted in thorough studies of their structures and
function with biochemical methods, genetics, and X-ray
crystallography.!®*15192  Specific chaperone-subunit interac-
tions anchor the subunit C-terminus into the cleft between two
Ig-like domains of the boomerang-shaped chaperone. Impor-
tantly, the binding site on the chaperone is highly conserved
throughout the chaperone family.'**' The high sequence homol-
ogy is reflected by the fact that PapD is capable of assembling
type 1 pili."” The C-terminal carboxylate of the subunit forms
ionic- and hydrogen-bonds to the invariant chaperone residues
Arg8 and Lysl12. These residues are conserved in numerous
chaperones and it has been shown that single site mutations of
Arg8 or Lys112 in PapD abolish subunit binding and, thus, pilus
assembly.” Recent reports also conclude that the folding of the
subunits is chaperone-catalyzed and that Arg8 is essential in this
event.?>?

Studies of subunits and subunit peptides provide additional
information of the important subunit—chaperone interactions.
Length series of subunit peptides have previously been evaluated
for the inhibitory activity of PapD and FimC using inhibition
ELISA (enzyme-linked immunosorbent assay). The C-terminal
8-mer peptide of PapG was reported to function as an inhibitor
of PapD and to have a significantly higher potency than the
corresponding 7- and 6-mer peptide.** However, the peptide
C-terminal carboxylate has been argued to be of only minor
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importance for the anchoring to PapD based on studies of a
reduced 8-mer (PapG307-314red), where the carboxylate was
replaced with a methyl group, and a proline-deficient derivative
PapG306-313. Both peptides retained all or most of their
inhibitory power.** Still, the subunit C-terminal is essential for
subunit—chaperone complex formation. For example, it has been
shown that deletion of the 13 C-terminal residues of the PapG
adhesin prevented complex formation with PapD.!!

In view of the detailed knowledge of chaperone—subunit
interactions we believed that a small synthetic compound that
specifically targets the active site residues of the chaperone
could inhibit the formation of chaperone—subunit complexes
and thereby block pilus assembly.

‘We have reported earlier the use of rational design to produce
small, non-peptidic molecules, pilicides, which interfere with
the critical subunit-chaperone interactions.” Three classes of
compounds have been synthesized to mimic the C-terminus of
PapG and one of these classes, substituted 2-pyridone carboxylic
acids, is illustrated in Fig. 1.%% Several compounds displayed
affinity for the chaperones PapD and FimC and the most
potent binders were found to be the bicyclic 2-pyridones. The
R? substituent mimics the hydrophobic properties of Phe313
and Leu311 in PapG, and further substitutions of positions R'
and R*® provide improved interaction possibilities. This class
of compounds also proved to dissociate chaperone—subunit
(FimC-FimH) complexes and exhibited in vivo activity, if it
had a suitable substitution pattern.?* Pili formation of several
different UPEC strains producing both P pili and type 1 pili was
blocked by the compounds in a dose-dependent manner.*® The
disruption of pilus biogenesis, when incubating with pilicide,
was assayed by hemagglutination (HA), biofilm formation,
and colonization ability. The reduced levels of pili were also
visually confirmed with electron microscopy and general bac-
terial toxicity was ruled out with growth studies. Included as
a control was an inactive 2-pyridone with an intact 2-pyridone
scaffold but where the important hydrophobic naphthyl moiety
in R? had been exchanged for a small methyl substituent. This
negative control did not affect pilus biogenesis as determined in a
HA-assay.*

PapG C-terminus \ 2-pyridone as PapG mimetic
Anchored to Arg8 and Lys112

Fig. 1 Substituted 2-pyridones are designed to inhibit chaperones as
C-terminal mimetics of the pilus adhesin PapG.

NMR spectroscopy has been used for more detailed studies of
the pilicide—chaperone interactions.* It could be concluded that
the di-substituted 2-pyridones (R' and R?) displayed low mM
affinity for PapD. Furthermore, *N-labeled FimC was used in
an HSQC (heteronuclear single quantum coherence) experiment
to locate their binding site as judged by induced chemical shift
changes of the residues affected upon binding of the pilicide.
This study revealed two possible binding sites for the biologically
active 2-pyridones: one located in the cleft, involving Arg8 and
Lys112, and one located at the flexible, so-called F1-G1 loop of
the chaperone (Fig. 2).*

Although the F1-G1 loop was not the primary target binding
site it is still plausible that interacting with that region could
prevent pilus assembly since it participates in the donor-strand
complementation process.® In addition to the described in vivo

Fig. 2 Affected residues of ""N-labeled chaperone FimC (marked in
dark grey) upon the binding of pilicide (—)-2.**

studies, the theorized chaperone effect is supported also by other
studies. First, pilicides have been shown to dissociate FimC-
FimH complexes in an FPLC (fast protein liquid chromatogra-
phy) assay® and, secondly, pilicides compete with the C-terminal
peptide of PapG for the chaperone binding site as shown in
NMR spectroscopy studies.** The chaperone affinity of the same
peptide has been evaluated with surface plasmon resonance and
displayed binding in the same range as the pilicides.”s

Here we describe the syntheses and evaluation of nine different
analogues of the di-substituted 2-pyridone (—)-2 that exhibits
pilicide activity in vivo and has been suggested to interact
with the invariant residues Arg8 and Lys112 involved in the
anchoring of pilus subunits. Derivatization has been performed
with respect to its carboxylic acid functionality in order to
elucidate the importance of the C-terminal character of the 2-
pyridones for chaperone affinity. The objective was to establish
structure—activity relationships (SARs) for pilicide-chaperone
interactions and to use these SARs to outline a direction of
future synthetic work. If it could be shown that the carboxylic
acid was important it would support the preceding design and
encourage research on affinity enhancement with substituents
R'-R3. The carboxylic acid could either be preserved or replaced
by an isoster. On the other hand, high acceptance for changes
would enable utilization of this position to address future issues
such as pharmacokinetic properties. Relative binding data for
the analogues to chaperone PapD are presented as determined in
a 'H relaxation-edited NMR spectroscopic assay. The analogues
have also been evaluated in a hemagglutination assay for their
ability to inhibit pili formation in vivo.

Results
Synthesis of analogues

A set of nine analogues of the biologically active pilicide
(—)-2 was synthesized with the intention to obtain derivatives
with varying charge, polarity and hydrogen bonding properties
(Scheme 1, compounds 1, 3, and 7-10). The influence of the
spatial location of the carboxylic acid was studied by including
the enantiomer (+4)-2, as well as a carboxylic acid derivative,
which was extended with one carbon atom, (—)-6.

The methyl ester (—)-1 was produced in five steps according
to previously published procedures’? and the correspond-
ing lithium carboxylate (—)-2 was obtained by saponification
(Scheme 1). A straightforward borane reduction of (—)-2
afforded the alcohol (—)-3 in excellent yield and without
racemization (see Experimental section and ESIf for details re-
garding enantiomeric purity). DMP (Dess—Martin periodinane)
oxidation of the alcohol (—)-3 afforded the aldehyde (—)-8, and
the methyl ether (—)-7 was obtained from (—)-3 in a Williamson’s
ether synthesis.

Alcohol (—)-3 also served as precursor for the iodinated
derivative (—)-4, which was obtained in 76% yield. The moderate
yield was due to formation of an elimination byproduct.
LiEt;BH reduction of (—)-4 yielded the methyl analogue
(—)-9. (—)-4 also served as a key intermediate for the synthesis
of the one-carbon extended carboxylic acid (—)-6. The iodine
was cyano-substituted to (—)-5 and subsequent hydrolysis was
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Scheme 1  Reagents and conditions: (a) 0.1 M aq. LIOH, MeOH-THF (4 : 1), rt, quant.; (b) BH;-Me,S, THF, rt, 98%; (c) PPh;, 1,, imidazole, toluene,
rt, 82%; (d) KCN, DMF, 70 °C, 70%; (e) 2 M aq. NaOH, EtOH, MW 130 °C, 300 s, 71%; (f) NaH, Mel, THF, rt, 98%; (g) Dess—Martin periodinane,
CH,Cl,, rt, 85%; (h) LiEt;BH, THF, rt, 82%; (i) NaN;, DMF, rt, 6 h, then (j) Pd/C (10 wt%), atm. H,(g) 12 h, 87%.

performed using microwave heating. The alkaline hydrolysis
of (—)-5 proceeded smoothly and full conversion of starting
material to the desired product (—)-6 was observed within
S5 min at 130 °C. The cyanation was also accompanied by
the elimination byproduct observed in the iodination step,
which explains the moderate yield of 70%. Finally, the amino-
functionalized analogue (—)-10 was synthesized from the iodo-
derivate (—)-4 in a one-pot procedure via the corresponding
azide intermediate. The azide was not isolated but could be
reduced directly by adding Pd/C to the crude reaction mixture,
followed by hydrogenation at atmospheric pressure.

In addition to these eight analogues the (S)-enantiomer
(4+)-2 was synthesized according to the same procedure as for
(—)-2, but starting from D-cysteine. In total, a collection of nine
compounds with varying polarity, charge, hydrogen bonding
properties, and spatial arrangement of the carboxylate was
produced and evaluated.

Ranking of chaperone affinity and evaluation of in vivo activity
as pilicides

Relaxation-edited one-dimensional '"H NMR spectroscopy was
used to estimate the affinities of the nine pilicide analogues for
the chaperone PapD.* The technique relies on the fact that when
asmall ligand binds to a large protein it adopts the slow tumbling
rate and fast T, relaxation of the protein. Hence, by applying an
appropriate spin-lock filter it is possible to remove the signals
from both the protein and the bound pilicide and only signals
originating from the free pilicide are detected. This discrimina-
tion results in a reduced signal intensity from the pilicide if it
binds to PapD (Fig. 3). In this study, 1-naphthylacetic acid was
included as a non-binding control to allow determination of the
reduced signal intensities of the pilicides in the presence of PapD
(pilicide-PapD, 1 : 4). The relative affinities of the pilicides are
given as percentages compared to the parent compound (—)-2
(100%, Table 1, entry 1).
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Fig.3 Pilicide affinity for PapD was determined with relaxation-edited
NMR spectroscopy. Shown here is the reduction in signal intensity upon
binding of pilicide (—)-2 (marked with*) compared with a non-binding
control, 1-naphthylacetic acid (unmarked).

The analogues were also evaluated for their in vivo effect
in a hemagglutination (HA) assay with the P pili-producing
E. coli strain HB101/pPAPS5. Bacteria were incubated in the
presence of pilicide (3.5 mM in agar) and the expression of
pili was compared to an untreated control. The results are
presented in Table 1, where a low HA-titer denotes reduced
levels of pili, while the number four represents an unaffected
expression of pili, comparable to the fully piliated control. It
is worth noting that several of the analogues precipitated in the
agar and, consequently, reliable data on their biological activities
could not be determined.

Transformation of the carboxylic acid into other substituents
led to substantially reduced binding (0-62%). The analogues
(=)-7, (—)-1, and (—)-9 did not bind to the target chaperone
PapD (Table 1, entry 7-9, Relative affinity) whereas the five
derivatives (4)-2, (—)-3, (—)-6, (—)-8, and (—)-10 did bind,
although with a reduced affinity (11-62%, Table 1, entry 2-6)
compared with (—)-2. The carboxylic acid-functionalized enan-
tiomers (+)-2 and (—)-2 exhibited comparable in vivo activ-
ities and both reduced the expression of P pili in E. coli





Table 1 Relative binding of analogues to chaperone PapD, and pilicide
activity on P pili-producing E. coli HB101/pPAPS

O R
Relative HA-titer

Entry Compound *R affinity (%)*  (no of wells)®
1 (—)-2 —CO,Li 100° 0
2 (+)-2 —CO,Li 58¢ 0
3 (—)-6 -CH,CO,Li  62* 0/1
4 (—)-10 —CH,NH, 60° of
5 (-)-3 -CH,OH 25° 4
6 (-)-8 -CHO 11° 4
7 (—)-7 —CH,0OMe 04 47
8 (-)-1 -CO,Me 0? 4
9 (-)-9 -Me 0* 47

“6% RSD from triplicate runs. ® 84% ee. < 78% ee. ¢ 30% ee. ¢ Inhibition
of bacterial growth. /Precipitation of compound in agar. £ Number of
wells with agglutination, see Experimental section for more details.

(Table 1, entry 1-2, HA-titer). Also the one-carbon extended
carboxylic acid (—)-6 was biologically active but slightly less po-
tent than the other carboxylic acids (Table 1, entry 3). The amine
(—)-10 inhibited bacterial growth at a 3.5 mM concentration and
could not be evaluated for its effect on pilus assembly.

Discussion

The carboxylic acid-functionalized 2-pyridone (—)-2 was found
to be the most potent binder among the nine investigated
analogues. Except for the three carboxylates, derivatives unable
to interact as hydrogen bond donors displayed a significantly
reduced (Table 1, entries 7-9) or completely abolished affinity
(Entry e-9) for PapD. The acceptance for transformations into
hydrogen bond donating substituents, i.e. alcohol (—)-3 and
amine (—)-10, was higher, although a drop in affinity was seen
also for these derivatives. Interestingly, a decrease in binding was
also observed for both the (S)-enantiomer (+)-2, and for the
one-carbon extended carboxylic acid (—)-6 (Table 1, entry 2-3).
Thus, the spatial arrangement of the carboxylic acid appears to
be of importance for binding to PapD. It can be speculated that
the beneficial (R)-configuration of the carboxylate, which is also
present in the C-terminal Pro314 of PapG, indicates a specific,
and possibly matching, binding site involving Arg8 and Lys112.
In contrast to the results obtained in the previous study of the 8-
mer peptide of PapG,* the C-terminal properties are important
for the mimicking 2-pyridones. However, it is not unlikely that
the carboxylic acid functionality has a more pronounced role in
the smaller, mimicking 2-pyridones, which lack the additional
interaction contributions from the rest of the peptide sequence.

Computer modeling using the crystal structure of PapD
showed that the targeted binding site is wide enough to
allow alternative binding poses with a maintained carboxylate
anchoring to Arg8 and Lys112 (not shown). This supports the
fact that all three carboxylate-bearing compounds (—)-2, (4)-2
and (—)-6 were good binders, still with (—)-2 as the top ranked.

The (S)-enantiomer (+)-2, the one-carbon extended car-
boxylic acid (—)-6, and the amine (—)-10 were found to
exhibit similar affinities for PapD. The affinity displayed by
the positively charged amine cannot be explained at this point.
However, regarding the pilicide design as C-terminal mimetics
and the proposed anchoring to Arg8 and Lys112, a different
binding site is considered possible for this analogue. It should
be kept in mind that 'H relaxation-edited NMR spectroscopy
does not provide information about the location of the binding.

All carboxylic acid-functionalized compounds displayed pili-
cide activity in vivo (Table 1, entry 1-3, HA-titer) whereas the
other analogues did not affect pilus formation. This may result
from their poor solubility in the agar. Inhibition of bacterial
growth was observed with the amine (—)-10 and a different
mechanism of action for this compound has to be considered.
As expected, it is difficult to correlate chaperone affinity in vitro
(Table 1, Relative affinity) to the complex biological activity
in vivo (Table 1, HA-titer). However, the biological activity
of the carboxylic acids in this study may suggest that this
functionality is necessary for solubility reasons and plausibly
also for bioavailability and uptake of the pilicides.

Conclusions

A set of nine analogues of a biologically active 2-pyridone
has been synthesized. Straightforward transformations ren-
dered derivatives with varying C-terminal features affecting
polarity, charge, and hydrogen bond-donating and -accepting
properties. Affinity ranking of the analogues was performed
using relaxation-edited NMR spectroscopy, and all analogues
displayed a significantly reduced or even abolished affinity for
PapD compared with the parent carboxylic acid-substituted
pilicide (—)-2. It can thus be concluded that a carboxylic acid
is favorable, given that it has the conserved spatial location
of a subunit carboxylate. In contradiction to earlier studied
peptides, the chaperone affinity for bicyclic 2-pyridones is
clearly dependent on the substituent in the investigated position,
and the low tolerance for changes encourage future work to
investigate carboxylic acid isosteres. The presented results open
up possibilities to enhance chaperone binding with preserved
or fine-tuned carboxylic acid functionality in combination with
variations of the additional substituents (R'-R%) on the 2-
pyridone scaffold.

Experimental
General synthesis

All reactions were carried out under an inert atmosphere
with dry solvents under anhydrous conditions, unless otherwise
stated. CH,Cl, and 1,2-dichloroethane were distilled from
calcium hydride. THF was distilled from potassium, and toluene
was distilled from sodium. DMF was distilled and dried over
3 A molecular sieves. EtOH was dried over 3 A molecular
sieves. HCI (g) was passed through concentrated H,SO, prior
to use. All microwave reactions were carried out in a monomode
reactor (Smith Synthesizer, Biotage AB) using Smith Process
Vials™ sealed with Teflon septa and an aluminium crimp top.
TLC was performed on Silica Gel 60 F,s, (Merck) using UV
light detection. Flash column chromatography (eluents given
in brackets) employed normal phase silica gel (Matrex, 60 A,
35-70 um, Grace Amicon). The 'H and *C NMR spectra
were recorded at 298 K with a Bruker DRX-400 spectrometer
in CDCI; [residual CHCI; (0y 7.26 ppm) or CDCl; (6c 77.0
ppm) as internal standard], or MeOH-d, [residual CD,HOD
(0 3.30 ppm) or CD;OD (d¢ 49.0 ppm) as internal standard].
IR spectra were recorded on an ATI Mattson Genesis Series
FTIR™ spectrometer. Optical rotations were measured with a
Perkin-Elmer 343 polarimeter at 20 °C. Enantiomeric excess
was determined with HPLC using an (S, S)-Whelk-O1 column
from Chrom Tech AB at a flow rate of 1.0 ml min~' and UV-
detection at 254 nm. See ESIf for eluents and retention times.
It should be noted that the ee of evaluated batches of (—)-1,
(—)-7 and (—)-9 for PapD affinity was 30% due to the use of a
different batch of starting material of (—)-1. Importantly, these
compounds displayed no affinity for PapD, which rules out the
possibility of ambiguous data.

HRMS data were recorded with fast atom bombardment
(FAB") ionization on a JEOL JMS-SX 102 spectrometer.
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Affinity measurements using 'H relaxation-edited NMR
spectroscopy

Each sample contained PapD (95 uM), pilicide (25 uM) and 1-
naphthylacetic acid (included as a non-binding reference, 25 uM)
in phosphate buffer with 5% DMSO-ds. The samples were
prepared from a solution of PapD in phosphate buffer (50 mM,
pH 5.9) and stock solutions of pilicide and 1-naphthylacetic
acid (2.5 mM in DMSO-d,). Additional DMSO-d, was added
to obtain a final 5% content. A 200 ms cpmg spin-lock filter
was used to efficiently remove the signals from PapD and bound
pilicide. Suppression of the water signal was accomplished with
a WATERGATE sequence.*® Spectra were recorded at 25 °C on
a Bruker DRX 600 MHz spectrometer.

In vivo activity evaluated with hemagglutination

E. coli HB101/pPAPS5 was grown in the absence or presence
of 3.5 mM compound in TSA (trypticase soy agar) plates for
24 h at 37 °C. The plates were prepared from compound stock
solutions in pure DMSO and the final DMSO content in the
plate was 5%. Positive controls were used from plates containing
no compound but still 5% DMSO. 50 ug ml™' carbenicillin was
included in all plates. Bacteria were harvested and normalized
for optical density in phosphate buffered saline (PBS) pH 7.4
at 540 nm (ODsy) before being evaluated for their level of
piliation with hemagglutination using rabbit red blood cells
(RBC). The blood was washed with PBS and the ODy,, was
adjusted to 1.4 using PBS. Bacteria were serially diluted in a V-
bottomed 96-well microtiter plate prior to addition of RBC and
the plates were kept at 4 °C. The last well with agglutination was
visually determined and reported (HA-titer, no of wells). The
number of wells reflects the concentration of bacteria needed
for agglutination to occur, i.e. a high number demonstrates low
presence of pili. An unaffected expression of pili, comparable
to the fully piliated positive control, gave rise to agglutination
for 4 wells. The non-pili-producing strain HB101/pBR322 was
included as a negative control.

Syntheses

Compounds (—)-1, (+)-1, (—)-2, and (4)-2 were prepared
according to published procedures.?* (—)-1 and (+)-1 were
determined to have 84, and 78% ee, respectively, as determined
by chiral HPLC (see ESIt). Data are in agreement with published
data.25’28’29

Lithium (3.5)-8-Cyclopropyl-7-naphthalen-1-ylmethyl-5-oxo-
2,3-dihydro-5 H-thiazolo|3,2-a]pyridine-3-carboxylate  [(+)-2].
Prepared according to published procedures. Data are in
agreement with published data for (—)-2. [a]p 189 (¢ 0.7,
MeOH).

(3R)-8-Cyclopropyl-3-hydroxymethyl-7-naphthalen-1-ylmethyl-
2,3-dihydro-thiazolo|3,2-a]pyridin-5-one [(—)-3]. 2 M BH;-Me,S
in THF (1.6 ml, 3.2 mmol) was slowly added to a stirred solution
of (—)-2 (300 mg, 0.78 mmol) in THF (12 ml) at rt. After 13 h
MeOH (8 ml) was added dropwise and the solution was stirred
for 30 min before being concentrated. Purification by silica
gel chromatography (heptane-EtOAc-MeOH, 1 : 9 : 1) gave
(—)-3 as a white foam (280 mg, 98%): [a]p —87 (¢ 0.5, CHCL;);
84% ee as determined with chiral HPLC (see ESIt); IR v/cm™'
3360, 2921, 2853, 1639, 1488; 'H NMR (400 MHz, CDCl,) ¢
7.91-7.71 (m, 3H), 7.56-7.33 (m, 3H), 7.25 (d, J = 7.14 Hz,
1H), 5.70 (s, 1H), 5.21 (m, 1H), 4.54-4.29 (m, 2H), 3.93 (dd, J =
11.25, 6.22 Hz, 1H), 3.72 (m, 1H), 3.48 (dd, J = 11.53, 8.05 Hz,
1H), 3.26 (dd, J = 11.53, 1.83 Hz, 1H), 1.66 (m, 1H), 1.07-0.83
(m, 2H), 0.81-0.59 (m, 2H); *C NMR (100 MHz, CDCL;) ¢
161.9, 156.6, 148.2, 133.9 (2C), 131.8, 128.8, 127.6, 127.5, 126.1,
125.6, 125.5,123.7,114.8, 114.2, 64.4, 60.8, 36.0, 30.5, 11.1, 7.8,
7.4; HRMS (FAB) calc. for [M + H]* C,H,,NO,S 364.1371,
found 364.1380.
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(3R)-8-Cyclopropyl-3-iodomethyl-7-naphthalen-1-ylmethyl-
2,3-dihydro-thiazolo|3,2-a]pyridin-5-one [(—)-4]. I, (330 mg,
1.4 mmol), PPh; (430 mg, 1.6 mmol) and imidazole (127 mg,
1.9 mmol) were added to a stirred solution of (—)-3 (250 mg,
0.7 mmol) in toluene (10 ml) at rt. After stirring overnight the
reaction mixture was diluted with EtOAc and washed with 5%
aqueous Na,S,0s. The aqueous layer was extracted with EtOAc
and the combined organic layers were dried and concentrated.
Purification by silica gel chromatography (heptane-EtOAc, 1 :
9) gave (—)-4 as a white foam (248 mg, 76%): [a], —170 (c 0.5,
CHCl,); 84% ee as determined with chiral HPLC on the starting
material (=)-3; IR v/cm™ 3066, 3002, 1648, 1574, 1487; 'H
NMR (400 MHz, CDCl;) 6 7.87 (m, 1H), 7.80-7.74 (m, 2H),
7.50-7.39 (m, 3H), 7.25 (d, J = 7.14 Hz, 1H), 5.69 (s, I|H), 5.28
(m, 1H), 4.48-4.30 (m, 2H), 3.59-3.42 (m, 4H), 1.63 (m, 1H),
1.02-0.88 (m, 2H), 0.77-0.68 (m, 2H); *C NMR (100 MHz,
CDCl;) 0 160.8, 156.5, 146.4, 133.9, 133.8, 131.9, 128.8, 127.6,
127.5, 126.1, 125.7, 125.5, 123.7, 115.3, 113.5, 63.0, 36.1, 32.9,
11.0, 7.8, 7.4, 2.4; HRMS (ES) calc. for [M + HJ* C,,H,, INOS
474.0389, found 474.0376.

(3R)-(8-Cyclopropyl-7-naphthalen-1 - ylmethyl-5-o0xo0-2,3-
dihydro-5H -thiazolo[3,2-a]pyridin-3-yl)-acetonitrile [(—)-5].
KCN (22 mg, 0.34 mmol) was added to a stirred solution of (—)-
4 (78 mg, 0.16 mmol) in DMF (1 ml) at rt. After heating at 65 °C
for 2.5 h the solution was allowed to reach room temperature
and was then diluted with EtOAc and washed with brine and
H,0. The organic layer was dried (Na,SO,) and concentrated.
Purification by silica gel chromatography (heptane-EtOAc, 1 :
9) gave (—)-5 as a pale yellow foam (43 mg, 70%): [a]p, —124
(c 0.5, CHCL,); 84% ee as determined with chiral HPLC (see
ESIT); IR v/em™ 3001, 2922, 2250, 1643, 1571, 1486; '"H NMR
(400 MHz, CDCl;) 6 7.87 (m, 1H), 7.83-7.71 (m, 2H), 7.54-7.36
(m, 3H), 7.25 (d, J = 7.14 Hz, 1H), 5.67 (s, 1H), 5.30 (m, 1H),
4.51-4.29 (m, 2H), 3.66 (dd, J = 12.08, 7.78 Hz, 1H), 3.31 (d,
J = 12.08 Hz, 1H), 3.07 (m, 2H), 1.66 (m, 1H), 1.08-0.87 (m,
2H), 0.81-0.68 (m, 2H); *C NMR (100 MHz, CDCl;) ¢ 160.7,
157.0, 146.0, 134.0, 133.7, 131.9, 128.9, 127.8, 127.6, 126.2,
125.7, 125.5, 123.7, 116.3, 115.4, 113.9, 58.0, 36.2, 32.3, 18.9,
11.10, 7.8, 7.5; HRMS (ES) calc. for [M + H]* C;H,; N,OS
373.1375, found 373.1353.

(3R)-(8-Cyclopropyl-7-naphthalen- 1 -ylmethyl-5-o0x0-2,3-
dihydro-5H -thiazolo[3,2-a]pyridin-3-yl)-acetic acid [(—)-6].
2 M aqueous NaOH (450 pl, 0.9 mmol) was added to a stirred
solution of (—)-5 (27 mg, 0.07 mmol) in EtOH (1.5 ml) at rt.
The reaction vessel was capped and heated using microwave
irradiation at 130 °C for 5 min. After cooling, the solution
was acidified with HCl (2 M aq.) and concentrated. The
residue was dissolved in CH,Cl, and washed with H,O and
the combined aqueous layers were extracted with CH,Cl,. The
combined organic layers were concentrated and lyophilized
from MeCN-H,O (2 : 3) giving (—)-6 as a white powder (20 mg,
71%): [a]lp —13 (¢ 0.24, DMSO); 84% ee as determined by
chiral HPLC on the starting material (—)-5; IR v/cm™ 3196,
2868, 1721, 1629, 1547, 1487; '"H NMR (400 MHz, CDCl,)
0 12.62 (bs, 1H), 7.95 (m, 1H), 7.89-7.82 (m, 2H), 7.55-7.45
(m, 3H), 7.35 (d, J = 7.14 Hz, 1H), 5.23 (s, 1H), 5.13 (m, 1H),
4.50-4.30 (m, 2H), 3.68 (dd, J = 11.80, 7.60 Hz, 1H), 3.24 (d,
J =11.80 Hz, 1H), 2.69-2.52 (m, 2H), 1.69 (m, 1H), 0.97-0.82
(m, 2H), 0.77-0.61 (m, 2H); *C NMR (100 MHz, CDCl;) ¢
172.1, 159.9, 156.4, 148.0, 135.0, 133.9, 132.0, 129.1, 128.0,
127.8, 126.8, 126.3, 126.2, 124.5, 114.0, 112.8, 58.8, 35.7, 34.5,
33.2,11.3,7.9,7.6; HRMS (ES) calc. for [M + H]* C,;H,,NO;S
392.1320, found 392.1299.

(3R)-8-Cyclopropyl-3-methoxymethyl-7-naphthalen-1-ylmethyl-
2,3-dihydro-thiazolo|3,2-a]pyridin-5-one [(—)-7]. (—)-3 (50 mg,
0.14 mmol) was added to a stirred suspension of NaH (60% in
mineral oil, 13 mg, 0.32 mmol) in THF at rt and after stirring
for 5 min Mel (20 pl, 0.31 mmol) was added. After one hour





additional amounts of NaH and Mel (10 mg and 20 pl,
respectively) were added followed by stirring for another hour
and then concentration. The residue was dissolved in THF and
MeOH was added slowly prior to concentration. Purification
by silica gel chromatography (heptane-EtOAc, 1:9) gave (—)-7
as a pale yellow foam (51 mg, 98%): [a]p, —58 (¢ 0.3, CHCL);
30% ee as determined by chiral HPLC on the starting material
(—)-3; IR v/cm™' 2981, 2926, 2854, 1643, 1572, 1486; '"H NMR
(400 MHz, CDCl;) 6 7.86 (m, 1H), 7.80-7.74 (m, 2H), 7.51-7.36
(m, 3H), 7.25 (d, J = 7.14 Hz, 1H), 5.68 (s, 1H), 5.26 (m, 1H),
4.49-4.27 (m, 2H), 3.65-3.53 (m, 2H), 3.52-3.33 (m, 2H), 3.38
(s, 3H), 1.63 (m, 1H), 1.03-0.83 (m, 2H), 0.78-0.66 (m, 2H); *C
NMR (100 MHz, CDCl;) J 161.0, 156.0, 147.7, 134.1, 133.9,
132.0, 128.8, 127.6, 127.5, 126.1, 125.7, 125.5, 123.8, 115.2,
113.3, 68.0, 60.9, 59.0, 36.1, 30.5, 11.10, 7.8, 7.4; HRMS (ES)
calc. for [M + H]* C,;H,,NO,S 378.1528, found 378.1504.

(3R)-8-Cyclopropyl-7 - naphthalen- 1 - ylmethyl-5-o0x0-2,3-
dihydro-5H -thiazolo|3,2-a|pyridine-3-carbaldehyde [(—)-8].
Dess—Martin periodinane (0.47 M in CH,Cl,, 1 ml, 0.09 mmol)
was added to a stirred solution of (—)-3 (20 mg, 0.06 mmol)
in CH,Cl, (1 ml) at rt. After 1.5 h the solution was diluted
with EtOAc and washed first with an ice-cold 1 : 1 solution of
NaHCO; (half sat. aqueous) : Na,S,0s (5% aqueous) and then
H,O. The organic layer was dried, (Na,SO,) concentrated and
purified by silica gel chromatography (heptane-EtOAc-MeOH,
1:9:1) giving (—)-8 as a white foam (17 mg, 85%): [a]p —153
(c 0.5, CHCl,); 84% ece as determined with chiral HPLC on the
starting material (—)-3; IR v/cm™' 2957, 2923, 2852, 1638, 1561,
1485; '"H NMR (400 MHz, CDCl;) ¢ 9.60 (s, 1H), 7.94-7.69
(m, 3H), 7.55-7.36 (m, 3H), 7.28 (d, J = 7.04 Hz, 1H), 5.77 (s,
1H), 5.45 (dd, J = 8.51, 3.02, 1H), 4.54-4.32 (m, 2H), 3.62 (dd,
J = 11.53, 3.11 Hz, 1H), 3.50 (dd, J = 8.51, 11.53 Hz, 1H),
1.66 (m, 1H), 1.08-0.85 (m, 2H), 0.80-0.61 (m, 2H); *C NMR
(100 MHz, CDCl;) J 195.4, 161.34, 157.3, 146.9, 134.0, 133.8,
131.9, 128.9, 127.8, 127.6, 126.3, 125.8, 125.5, 123.7, 115.2,
114.0, 68.4, 36.3, 28.3, 11.1, 7.7, 7.5; HRMS (FAB) calc. for
[M + H]* C,,H,xNO,S 362.1215, found 362.1209.

(3R)-8-Cyclopropyl-3-methyl-7-naphthalen-1-ylmethyl-2,3-
dihydro-thiazolo[3,2-a]pyridin-5-one [(—)-9]. LiEt;BH (1 M in
THEF, 170 pul, 0.17 mmol) was slowly added to a stirred solution
of (—)-4 (50 mg, 0.11 mmol) in THF at rt. After 30 min the
reaction was quenched by dropwise addition of MeOH and
then concentrated. Purification by silica gel chromatography
(heptane-EtOAc, 1 : 9) gave (—)-9 as a pale yellow solid
(30 mg, 82%): [a]p —46 (¢ 0.25, CHCI,); 30% ee as determined
with chiral HPLC on the precursor (—)-3; IR v/cm™' 2968,
2925, 2852, 1641, 1568, 1486; '"H NMR (400 MHz, CDCl;)
7.90-7.73 (m, 3H), 7.50-7.37 (m, 3H), 7.25 (d, J = 7.14 Hz,
1H), 5.69 (s, 1H), 5.24 (m, 1H), 4.50-4.29 (m, 2H), 3.57 (dd, J =
11.16, 7.59 Hz, 1H), 2.90 (d, J = 11.16 Hz, 1H), 1.64 (m, 1H),
1.45 (d, J = 6.40 Hz, 3H), 1.01-0.87 (m, 2H), 0.79-0.67 (m,
2H); *C NMR (100 MHz, CDCl;) 6 161.0, 155.7, 146.8, 134.2,
133.9, 132.0, 128.8, 127.6, 127.5, 126.1, 125.6, 125.5, 123.8,
115.3, 113.2, 58.1, 36.1, 35.1, 16.9, 11.1, 7.8, 7.4; HRMS (ES)
calc. for [M + H]* C,,H,,NOS 363.1422, found 363.1414.

(3R)-3-Aminomethyl-8-cyclopropyl-7-naphthalen-1-ylmethyl-
2,3-dihydro-thiazolo|3,2-a]pyridin-5-one  [(—)-10]. NaN;
(18 mg, 0.28 mmol) was added to a stirred solution of (—)-4
(80 mg, 0.17 mmol) in DMF (2 ml) at rt. After 6 h Pd/C (10
wt%, 54 mg) was added and hydrogenation was carried out
at atmospheric pressure overnight. The catalyst was removed
by filtration through Celite and the solid phase was rinsed
with MeOH. The filtrate was concentrated and the residue was
diluted with EtOAc and washed with H,O. The organic layer
was concentrated and after lyophilization from MeCN-H,O
(2:3) (—)-10 was obtained as a white powder (53 mg, 87%): [a]p
—98 (¢ 0.5, CHCl,); 84% ee as determined with chiral HPLC on

the precursor (—)-3; IR v/cm™' 3062, 3001, 2961, 2864, 1641,
1564, 1486; 'H NMR (400 MHz, CDCl,)  7.90-7.74 (m, 3H),
7.50-7.36 (m, 3H), 7.25 (d, J = 7.14 Hz, 1H), 5.68 (s, 1H), 5.02
(m, 1H), 4.49-4.28 (m, 2H), 3.52 (dd, J = 11.43, 7.50 Hz, 1H),
3.38 (d, J = 11.43 Hz, 1H), 3.12 (dd, J = 12.35, 3.20 Hz, 1H),
2.92 (dd, J = 12.35, 3.20 Hz, 1H), 1.64 (m, 1H), 1.04-0.83 (m,
2H), 0.78-0.67 (m, 2H); *C NMR (100 MHz, CDCl;) § 161.3,
156.0, 147.6, 134.1, 134.0, 132.0, 128.8, 127.64, 127.58, 126.2,
125.7, 125.5, 123.8, 115.3, 113.5, 64.2, 41.1, 36.1, 31.2, 11.1,
7.9, 7.4, HRMS (ES) calc. for [M + H]* C,,H,,N,OS 363.1531,
found 363.1518.
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A set of ten azetidinic amino acids, that can be envisioned as C-4 alkyl substituted analogues of trans-2-
carboxyazetidine-3-acetic acid (+-CAA) and/or conformationally constrained analogues of (R)- or (S)-glutamic acid
(Glu) have been synthesized in a diastereo- and enantiomerically pure form from p-amino alcohols through a
straightforward five step sequence. The key step of this synthesis is an original anionic 4-exo-tet ring closure that
forms the azetidine ring upon an intramolecular Michael addition. This reaction was proven to be reversible and to
lead to a thermodynamic distribution of two diastereoisomers that were easily separated and converted in two steps
into azetidinic amino acids. Azetidines 35—44 were characterized in binding studies on native ionotropic Glu
receptors and in functional assays at cloned metabotropic receptors mGluR 1, 2 and 4, representing group I, IT and
IIT mGlu receptors, respectively. Furthermore, azetidine analogues 35, 36 and 40 were also characterized as potential
ligands at the glutamate transporter subtypes EAAT1-3 in the FLIPR® Membrane Potential (FMP) assay. The
(2R)-azetidines 35, 37, 39, 41 and 43 were inactive in iGlu, mGlu and EAAT assays, whereas a marked change in the
pharmacological profile at the iGlu receptors was observed when a methyl group was introduced in the C-4 position,

compound 36 versus t-CAA. At EAAT1-3, compound 35 was inactive, whereas azetidines 36 and 40 were both
identified as inhibitors and showed selectivity for the EAAT?2 subtype.

Introduction

Conformationally constrained amino acids (AAs) continue to
be a topic of extensive research for both synthetic and medic-
inal chemists, since such compounds may provide important
information about a ligand’s conformational binding mode
to a receptor or an enzyme, and are basic tools used in the
design of novel peptides and peptidomimetics.! The synthesis
of novel amino acids in which the constraint is brought by
a heterocyclic ring which holds the nitrogen atom of the
amino acid moiety, has received considerable attention,” as
illustrated by numerous synthetic approaches towards proline,?
pipecolic acid,* and glutamate analogues.® In contrast, synthesis
of the four-membered heterocyclic amino acid, norproline (2-
carboxyazetidine derivative) is underdeveloped,® which may
be attributed to the lack of efficient synthetic methodologies
for the preparation of functionalized azetidines, especially in
enantiomerically pure forms.” In this paper, we report a new
synthetic route towards azetidinic amino acids of general
structure depicted in Fig. 1, in which the nature of the R
group located at C-4 comes from enantiomerically pure -
amino alcohols.® This synthesis relies on an unprecedented

+To whom correspondence regarding the glutamate research area
should be addressed.
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intramolecular Michael addition to form the four-membered
ring through carbon—carbon bond formation. The azetidinic
amino acids, 35-44, prepared via this novel methodology may
be envisioned as C-4 alkyl substituted analogues of trans-2-
carboxyazetidine-3-acetic acid (+~-CAA)® and/or conformation-
ally constrained analogues of (R)- or (S)-glutamic acid (Glu),
the latter being the major excitatory neurotransmitter in the
central nervous system (CNS).!° Activation of the glutaminergic
neurotransmitter system in the CNS is involved in important
neurophysiological processes such as memory and learning,
motor functions, and neural plasticity and development. How-
ever in the diseased brain, it is believed that neurodegenerative
diseases such as Alzheimer’s disease, dementia, Huntington’s
disease, amyotrophic lateral sclerosis (ALS), epilepsy and cere-
bral stroke may be directly related to disordered glutamatergic
neurotransmission originating from dysfunction of either the
Glu receptors (iGluR or mGluR) and/or the Glu re-uptake
system (EAATS).'*" In the ongoing process to characterize and
understand the function of the glutaminergic neurotransmitter
system in the CNS, we have characterized the synthesized
azetidinic amino acids, 35-44 as ligands at the ionotropic Glu
receptors (iIGluR), the metabotropic Glu receptors (mGluR) and
the Glu transporters (EAAT1-3),'*" and present results, includ-
ing a structure—activity study (SAR) in the second part of this
paper.

COH COH
COH L ,COH
NH L4
z H
(S)-Glu tCAA
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Results and discussion
Chemistry

Azetidinic amino acids 35-44 were prepared through a straight-
forward five step sequence starting from commercially available
(S)-p-amino alcohols 1-5 possessing an alkyl substituent of
various size. The first three steps include: (i) a N-benzylation
through reductive amination of benzaldehyde to give 6-10, (ii)
an alkylation with bromoacetonitrile yielding 12-16 (compound
11 was previously reported),™ (iii) a one-pot two-step Swern
oxidation and Wittig olefination giving the unsaturated amino
esters 17-22." The key step of this synthetic sequence is an
original anionic 4-exo-tet ring closure that forms the azetidine
ring upon treatment of these compounds with LIHMDS.* This
reaction affords a mixture of 2,3-cis and 2,3-frans isomers in a
3:7to4:6ratio. These diastereoisomers were easily separated by
chromatography and were finally submitted to acidic hydrolysis
followed by hydrogenolysis of the N-benzyl protecting group.
Purification through ion-exchange chromatography yielded the
desired amino acids 35-44 as white solids.

The relative configuration of the substituents in azetidines 25
and 26 was determined on the basis of NOE experiments. In
fact, the examination of the values of *J coupling constants in
these heterocycles does not give clear cut information about
the relative stereochemistries. In the case of azetidines 23
and 24, the relative configurations were determined by X-ray
crystallography performed on 23." The relative configurations
in the other compounds were deduced from (i) the chemical
shift of the proton located at C-2, that constantly appears more
deshielded of nearly 1 ppm in the cis-isomers than in the trans-
isomers, (ii) the diastereomeric distribution of the products
since the cis-isomer is always the minor one, and, (iii) the
biological activity of the amino acid, the cis-isomer, presenting
the unnatural (R) absolute configuration for the amino acid
moiety being not active (vide supra) (Scheme 1).

The diastereoselectivity of this intramolecular Michael addi-
tion deserves comment. First of all, we were able to get some
experimental evidence for thermodynamic control operating in
the cyclization step. Indeed, when diastereoisomerically pure
compounds 25 or 26 were treated under the same conditions
used for ring closure (LIHMDS, —78 to 0 °C), an equilibration
occurred that gave in both cases a mixture of 25 and 26 in a
ratio almost identical to the one observed in the initial ring
closure. Furthermore, lithiation of 25 at —78 °C immediately
followed by deuteration with CD,;OD gave o-deuterated ester at
the methylene position exclusively. These observations suggest
the occurrence of a retro-Michael process that induces a
base-catalyzed equilibration between 25 and 26. Secondly, the
exclusive formation of 3,4-trans isomers in these ring closures
can be explained by considering the different transition states
of this reaction. All of them involving substrate 18 (R = Me)
are depicted in Fig. 2. In the course of the cyclization following
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R=Me (80%) 35
R=Et (71%) 37
R = n-Pr (73%) 39 R = n-Pr (68%) 40
R = i-Pr (49%) 41 R = i-Pr (43%) 42
R = i-Bu (64%) 43 R=/-Bu (77%) 44

R = Me (66%) 36
R=Et (58%) 38

Scheme 1 Reagents and conditions: (a) PhCHO, 4 A MS, CH,Cl,
then NaBH,, EtOH (b) bromoacetonitrile, K,CO;, CH;CN (c) DMSO,
(COCl),, Et;N, CH,Cl,, —78 °C, then (C4H;);P=CHCO,Et (d) LiH-
MDS, THF, —78 °C to 0 °C (e) 6N HCI-CClI, (f) H,, Pd/C cat., EtOH.

transition state A, a severe A" strain is developed between the
methyl substituent of the azetidine ring and the olefinic proton
of the unsaturated ester, forbidding this pathway. This is not the
case in transition state B, leading to 26. A similar A'* strain
occurs in C but not in D, leading to 25, the second isomer being
formed in the reaction. To summarize, cyclization would proceed
through transition states B and D, leading to 25 and 26, which
are in equilibrium.

Attempts to improve the diastereoselectivity of this cyclization
in favor of the 2,3-trans isomer, presenting the (S)-configuration
at C-2 were also done. The stereochemistry of the alkene
Michael acceptor in 18 was first switched to (Z) using Still-
Gennari methodology,”® but the cyclization step occurred for
this substrate with similar yields and diastereoselectivity, which
is in accordance with the reversibility of the mechanism. A more
encouraging result was obtained by replacing the nitrile by a
tert-butyl ester. Thus, compound 46, prepared in a similar way

N-Li

CN
COOEt 26

_Li

COOEt 25

Fig. 2 Possible transition states for the anionic ring-closure.
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Scheme 2 Reagents and conditions: (a) Nal, tert-butylbromoacetate, DMF, rt, 76% (b) DMSO, (COCl),, Et;N, CH,Cl,, —78 °C, then

(C¢H;);P=CHCO,Et, 77% (¢) t-BuOK, THF, —50 °C, 50% (de >95%).

as described for the amino nitrile cyclized upon treatment with
-BuOK at —50 °C in THF to give a unique 2,3-trans isomer 47,
albeit with a modest yield of 50% (Scheme 2).

Pharmacology and SAR at iGlu and mGlu receptors

The pharmacological properties of the C-4 substituted azetidine
analogues 35-44 were characterized in binding studies on native
ionotropic Glu receptors and in functional assays at cloned
metabotropic receptors mGluR 1, 2 and 4, representing group
I-TIT mGlu receptors, respectively (Table 1). The (2S)-azetidine
analogues 36, 38, 40, 42 and 44 exhibited low affinity for o-
amino-3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA) pre-
ferring iGlu receptors (ICs, >100 pM). Affinities for the kainite
(KAIN) preferring iGlu receptors were in the mid-to-low micro
molar range, decreasing as the C-4 substituent was extended
from a Me group, compound 36, (ICs, = 5 uM) to an n-Pr group,
compound 40, (IC5, = 25 uM). Furthermore, the short but
more bulky substituent i-Pr, compound 42, showed mid-range
affinity (ICs, = 6.8 uM) equivalent to compound 36 (R = Me),
while the longer and more bulky substituent i-Bu, compound
44, resulted in loss of binding affinity (ICs, >100 uM). At the N-
methyl-D-aspartate (NMDA) preferring group of iGlu receptors,
compounds 36, 38 and 40 showed decreasing affinity in the uM
mid-range, while the two compounds with bulky substituents,
42 and 44, both exhibited low affinity. In the functional mGlu
assays, the (25)-4-Me-azetidine analogue 36 was character-
ized as an agonist, with weak potency (ECs, = 220 uM) at
mGluR2 (group II) and neglectable potency (ECs, >1000 uM) at
mGluR1 and 4.

We then conducted a SAR study to explain the observed
pharmacological profile of the azetidine analogues at the iGlu
and mGlu receptors. It is well-accepted that Glu enters a folded

conformation when agonizing the AMPA and KAIN preferring
iGlu receptors,” while an extended conformation of Glu is
the agonist conformation at the mGlu receptors.”® First, we
submitted the compounds -CAA, 36, 38, 40, 42 and 44 to
a stochastic conformational search in the modelling software
program MOE (Table 2). An extended Glu conformation was
identified as the low-energy conformation for the parental
azetidinic system 7-CAA and its C-4 analogues 36, 38, 40 and
44, whereas the C-4 azetidine analogue 42 was forced into
a folded Glu conformation, due to its small and bulky C-4
substituent (i-Pr). To fit the low-energy extended conformation
of t-CAA, 36, 38, 40 and 44 to the respective folded Glu
conformation, a systematic rotation of the 3-carboxymethyl
group was carried out. This suggested a very small energy
difference (average +0.49 kcal mol™') between the low-energy
extended conformation and the respective folded conformations.
Secondly, we wanted to investigate the flexibility of the R group
at C-4. This was done by a systematic rotation of the C—C bonds
of this group, keeping the conformation of the ammonium and
two carboxylate groups fixed in the folded conformation. The
number of structures within +1 kcal mol™" were counted and
the results are summarized in Table 2. We conclude that the
degree of flexibility increases with increasing length of the R
group (Me to n-Pr), whereas the small and bulky substituent, i-
Pr, is locked into one position in space and the i-Bu is predicted
to be less flexible, as compared with the n-Pr group.

We next wanted to address the affinity differences observed
for compounds #-CAA and its 4-Me analogue 36 at the AMPA
preferring receptors. The low-energy folded conformations of
the two molecules were superimposed on KAIN in the iGluR2-
S1S2 domain construct (PDB file name: 1FTK, crystallized with
KAIN) (Fig. 3), by fitting the ammonium group and the two
carboxylate groups. It can be seen that the ammonium groups

Table 1 Pharmacological evaluation of (25)-azetidine analogues 36, 38, 40, 42 and 44 at iGlu receptors. Data for (2R)-azetidine analogues 35, 37,
39, 41 and 43 (ICy, >100 uM in AMPA, KAIN and NMDA assays, and 35 only: ECs, >1000 uM in mGluR 1, 2 and 4 assays) omitted for clarity

[PHJAMPA [FH]JKAIN [FH]CGP39653 mGluR1 mGluR2 mGluR4
R 1C50/uM 1C5y/uM K/uM ECs/uM ECs5/uM ECs/uM
t-CAA H 13 0.7 494 210 >600 >300
36 Me >100 5 2 >1000 220 >1000
38 Et >100 7.5 8.7 n.t. n.t. n.t.
40 n-Pr >100 25 22 n.t. n.t. n.t.
42 i-Pr >100 6.8 >100 n.t. n.t. n.t.
44 i-Bu >100 >100 >100 n.t. n.t. n.t.

“The ligand [*H]CCP was used and ICy, value reported. n.t. = not tested.

Table 2 Modelling study of (25)-azetidine analogues 36, 38, 40, 42 and 44. Identification of biologically relevant low-energy conformations

Low-energy conformation Folded conformation No. of R group conformations at
R AG/kcal mol'* AAG/kcal mol='* AAG + 1/kcal mol~'*
t-CAA H —121.45 +1.02 0
36 Me —-117.97 +0.36 1
38 Et —118.93 +0.40 2
40 n-Pr —118.71 +0.34 4
42 i-Pr —113.09 —-1.78 1
44 i-Bu —113.00 +0.34 2

“ Located via a stochastic conformational search. ? Systematic rotation of the distal carboxymethyl group starting with the molecule in its low-energy
conformation. ¢ Systematic rotation of the R group, starting with the molecule in its folded conformation. See experimental section for details.
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Fig. 3 Superimposition of r-CAA (green) and 36 (purple) with KAIN
(type code) crystallized in iGluR2 (Brookhaven PDB-file name 1FTK),
by fitting the ammonium group and the two carboxylate groups.

and the carboxylate groups of /~CAA and 36 are in favourable
positions to interact with the amino acid residues, essential for
agonist activity (Arg485, Pro478, Thr655 and Glu705). However
for compound 36, an unfavourable steric interaction can also be
observed between the 4-Me group and the amino acid Met708,
which we believe is the main reason for the observed low-
affinities of 36 (and thus 38, 40, 42 and 44) at the AMPA
preferring Glu receptors.

Even though the azetidinic amino acids +-CAA, 36, 38, 40, 42
and 44 readily adopt the extended conformation, required for
agonist activity at the mGlu receptors, no potency was observed
(Table 1). To address this finding, we did a superimposition study
of +-CAA and 36 with Glu in the mGIluR1 crystal structure
(PDB file name: 1EWK, crystallized with Glu), by fitting the
ammonium group and the two carboxylate groups (Fig. 4).
The compounds overlaid well with Glu in the crystal structure,
however with two critical steric conflicts between the azetidic
C-4 and amino acid residue Asp318, and the C-4 substituent

) ey
\ —7
Fig. 4 Superimposition of 7~-CAA (green) and 36 (purple) with
Glu (type code) crystallized in mGluR1 (Brookhaven PDB-file name
1EWK), by fitting the ammonium group and the two carboxylate groups.

and the amino acid residue Lys409. As these two amino acids
residues are conserved throughout the mGlu receptor subtypes,
we believe that the before mentioned disfavoured van der Waals
interactions are the major reasons for the observed lack of
activity at the mGlu receptors.

Pharmacology and SAR at Glu transporters

The azetidinic amino acid analogues 35, 36 and 40 were
evaluated as ligands for the glutamate transporters EAAT1-3.
While the (2R)-azetidine analogue, compound 35, was inactive,
(2.5)-azetidines 36 and 40 were found to be inhibitors at EAAT1-
3, with neglectable potency at subtype EAAT1, medium potency
at subtype EAAT2, equivalent to dihydrokainic acid (DHK),
and low potency at subtype EAAT3, decreasing as the C-4
substituent is extended from a Me group to an n-Pr group
(Table 3). In contrast to the non-selective ligand -CAA, which
holds the azetidinic parental system, we observe selectivity for
the EAAT?2 subtype, upon stereospecific introduction of a (45)-
4-alkyl substituent. In fact we see increasing selectivity for
subtype EAAT2 over subtype EAAT3 (ratio 4 vs. 8), as the
alkyl substituent is extended to an n-Pr group.

It has been suggested by us* and others*2* that the inhibitory
binding conformation at EAAT1-3 is similar to the folded Glu
conformation also observed for iGIuR agonist activity, while
substrates bind in an exfended Glu conformation, however
different from the conformation observed for mGluR agonist
activation. Selective inhibition of the EAAT2 subtype has
previously been observed for the natural product KAIN as well
as its close structural analogue DHK. We therefore performed
a superimposition study of the four low-energy folded confor-
mations found for azetidine analogue 40 with the low-energy
conformation of KAIN, to investigate the degree of overlap of
the two substituents (Fig. 5). However, we see that the n-Pr group
at the best is at the brink of the isopropenyl group in KAIN,
allowing us to suggest that the EAAT?2 transporter protein may
be able to accommodate larger substituents than an isopropenyl
group. We believe that the synthesis of other azetidinic amino
acids with longer and more bulky alkyl substituents in the 4
position would be beneficial in the search for potent selective
EAAT?2 subtype inhibitors.

Table 3 Pharmacological evaluation of azetidine analogues 35, 36 and
40 at Glu transporters. Data for KAIN and DHK taken from ref. 31;
data for +-CAA taken from ref. 9

R EAATI K,/uM EAAT2 K,/uM EAAT3 K./uM
KAIN  —  >3000 60 >3000
DHK —  >3000 31 >3000
+~CAA H 5 5 5
(R)-35 Me  >1000 >1000 >1000
(25)-36 Me  >1000 32 126
(2540  n-Pr  >1000 44 375

Fig. 5 Superimposition of the low-energy conformation of KAIN (type code) and four low-energy conformations of 40 (purple and orange, for

clarity), by fitting the ammonium group and the two carboxylate groups.
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Introduction of a methyl substituent in the amino acid’s
o position has previously been done, maintaining potency at
the EAATSs.* Thus, in rat forebrain synaptosomes, an EAAT
subtype non-specific assay, the amino acids L-trans-2,3-PDC
and its cis-5-methyl derivative (Fig. 7) were shown to inhibit
D-[*H]aspartate uptake by 70%. On the other hand, the C-5
diastereomer trans-5S-methyl-L-trans-2,3-PDC (Fig. 7) did not
inhibit D-[*Hlaspartate uptake. We decided to overlay low-
energy conformations of cis-5-methyl-L-trans-2,3-PDC with our
azetidine analogue 36 to investigate the orientation of the two
methyl groups in space (Fig. 6). It can be seen that the two
methyl groups are positioned very closely in space pointing in
the same direction. This superimposition study also provides
the information that the C-4 diastereomers of our azetidine
analogues are likely not ligands at the EAATS.

Fig. 6 Superimposition of low-energy conformations of cis-5-Me-L-
trans-2,3-PDC (type code) and 36 (purple) by fitting the ammonium
group and the two carboxylate groups.

HN HN HN
o O o O wo ot
o O o O o O

cis-5-Me-
L-trans-2,3-PDC

trans-5-Me-
L-trans-2,3-PDC

L-trans-2,3-PDC

KAIN DHK

Fig.7 Known EAAT inhibitors.

In conclusion, for the synthetic part, we have discovered a
very efficient synthetic methodology for the construction of a
functionalized azetidine ring that allows for a straightforward
preparation of an understudied class of cyclic amino acids.
The nature of the thermodynamic driving force overriding
the developing torsional strain in the four-membered ring
produced during the key anionic ring closure remains to be
fully understood but the efficiency of this challenging reaction
contributes to putting into perspective the preconceived strain
in azetidinic heterocycles.

The ten synthesized novel conformationally restricted Glu
analogues 35-44 were characterized in binding studies on native
ionotropic Glu receptors and in functional assays at cloned
metabotropic receptors mGluR1, 2 and 4, representing group
I-IIT mGlu receptors, respectively. The (2R)-azetidines 35, 37,
39, 41 and 43 were all inactive, whereas a marked change in the
pharmacological profile at the iGlu receptors was observed when
amethyl group was introduced in the C-4 position, compound 36
versus t-CAA. However, within the series of azetidine analogues
presented here, no receptor-class nor subgroup selectivity could
be demonstrated. Azetidine analogues 35, 36 and 40 were also
characterized as potential ligands at the glutamate transporter
subtypes EAAT1-3 in the FLIPR® Membrane Potential (FMP)
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assay. While 35 was inactive, azetidines 36 and 40 were both
identified as inhibitors and showed selectivity for the EAAT2
subtype. On the basis of the new pharmacological data obtained,
the modelling study provided new insight into the SAR of the
glutamate receptors and transporters.

Experimental
Chemistry

General comments. 'H and “C spectra (CDCl; solution
unless otherwise stated) were recorded on a Bruker AC 200
or 300 spectrometer at 200, 300 ("H), 50.3 and 75.5 (*C)
MHz; chemical shifts are reported in ppm from TMS. Optical
rotations were determined with a Perkin Elmer 241 instru-
ment. All reactions were carried out under argon. Column
chromatography was performed on silica gel 230-400 mesh
by using various mixtures of diethyl ether (E), ethyl acetate
(AcOEt), cyclohexane (CyH) and petroleum ether (PE). TLC
was run on Merck Kieselgel 60F,s, plates. Melting points are
uncorrected. THF was distilled from sodium-benzophenone
ketyl. Dichloromethane and triethylamine were distilled from
calcium hydride. Benzaldehyde was distilled before use. Other
reagents were used as purchased. Mention of “usual workup”
means: (i) decantation of the organic layer, (ii) extraction of
the aqueous layer with ether, (iii) washing the combined organic
layers with brine and drying of the combined organic phases over
MgSQO,, (iv) solvent evaporation under reduced pressure. Com-
positions of stereoisomeric mixtures were determined by NMR
analysis on crude products before any purification. Elementary
analyses were realized by “Le service régional de microanalyse
de I'Université de pharmacie de Chatenay-Malabry”. HRMS
was performed on a Finnagan MAT-90 spectrometer at Boston
University and in the laboratory of “Ecole Nationale Supérieure
de Paris” (compounds 35 and 36). Mass spectra were recorded
on a GC-MS HP MS 5989B spectrometer at the University of
Versailles.

General procedure for the N-benzylation of (.S)-amino alcohols

To a solution of the [-amino alcohol (26 mmol) in
dichloromethane (50 mL) was added 4 A molecular sieves
(5 g) and benzaldehyde (2.60 mL, 26 mmol). After 3 h at rt
without stirring, the suspension was filtered and concentrated
under reduced pressure. The residue was dissolved in EtOH
(50 mL) and sodium borohydride was added portionwise (1.16 g,
31 mmol). After 2 h at rt, the reaction was hydrolyzed by addition
of a saturated aqueous solution of NH,CI and concentrated
under reduced pressure. Basification of the aqueous residue
with 1IN NaOH was followed by the usual workup and gave
crude N-benzyl amino alcohols that were used without further
purification for the next step.

(S)-N-Benzyl-2-aminopropan-1-ol 6. Yield: 63%; R;: 0.12
(E-30% aqueous ammonia, 98 : 2); mp 38-42 °C; [a]¥ +58.9
(¢ 1.0, CHCl); 64(250 MHz, CDCl;, Me,Si): 1.34 (d, 3H, J =
6.5,Me), 2.81 (s,2H, NH and OH), 3.09 (quintd, 1H, J =4.0, 6.5,
CHCH;), 3.56 (dd, 1H, J = 7.1, 10.8, CHHOH), 3.84 (dd, 1H,
J =4.0,10.8, CHHOH), 3.98 (d, 1H, J = 12.9, CHHPh), 4.13
(d,1H,J =129, CHHPh), 7.51-7.61 (m, 5H, Ph); 5-(62.9 MHz,
CDCl;, Me,Si): 17.0 (CH;), 51.1 (CH,), 53.8 (CH), 65.8 (CH,),
127.2,128.2, 128.5 (CHAr), 140.1 (CqAr).

(S)-N-Benzyl-2-aminobutan-1-0l 7. Yield: 88%; R;: 0.4
(AcOEt); mp 72 °C; [a]y +28.0 (¢ 1.2, CHCL;); 64(300 MHz,
CDCl;, Me,Si): 0.85 (t, 3H, J = 7.3, Me), 1.42-1.50 (m, 2H,
CH,CH,), 2.18 (bs, 2H, NH and OH), 2.50-2.58 (m, 1H,
CHCH,), 3.26 (d, 1H, J = 6.3, CHHOH), 3.57 (d, 1H, J =
6.3, CHHOH), 3.67 (d, 1H, J = 12.9, CHHPh), 3.75 (d, 1H,
J =129, CHHPh), 7.16-7.28 (m, 5H, Ph); 6.(75 MHz, CDCl,,
Me,Si): 10.4 (CH,), 24.2, 51.0 (CH,), 59.8 (CH), 62.6 (CH,),
127.02, 128.1, 128.5 (CHAr), 140.3 (CqAr); MS (CI, CH,): m/z
180 (MH"), 90.





(S)-N-Benzyl-2-aminopentan-1-ol 8. Yield: 95%; R;: 0.21
(Et,0); [a]¥ +20 (¢ 1.1, CHCL;); 64(300 MHz, CDCl;, Me,Si):
0.93 (t, 3H, J = 7.3, Me), 1.25-1.52 (m, 4H, (CH,),CH,), 2.61-
2.69 (bm, 3H, NH, OH, CHCH,), 3.33 (dd, 1H, J = 6.6 and 11,
CHHOH), 3.63 (d, IH, J =3.9and 11, CHHOH), 3.75 (A part
of an AB syst., 1H, J = 12.7, CHHPh), 3.82 (B part of a AB
syst., 1H,J=12.9, CHHPh), 7.11-7.23 (m, SH, Ph); 6-(75 MHz,
CDCl;, Me,Si): 14.3 (CH,), 19.3, 33.7, 51.4 (CH,), 58.1 (CH),
63.0 (CH,), 127.2, 128.1, 128.6 (CHAr), 140.7 (CqAr); MS (CI,
CH,): m/z 194 (MH").

(S)-N-Benzyl valinol 9.  Yield: quant.; R;: 0.4 (AcOEY); [a]¥
+16.0 (¢ 1.4, CHCly); 64(300 MHz, CDCl;, Me,Si): 0.93 and
0.98 (two d, 6H, J = 6.8, Me), 1.84-1.94 (m, 1H, CH(CH,),),
2.47-2.53 (bm, 3H, NH, OH, CHCHMe,), 3.42 (dd, 1H, J =
3.5and 11, CHHOH), 3.67 (dd, 1H, J = 6.3 and 11, CHHOH),
3.80 (s, 2H, CH,Ph), 7.18-7.30 (m, 5H, Ph); 6.(75 MHz, CDCI;,
Me,Si): 18.6, 19.5 (CH;), 28.9 (CH), 51.5, 60.5 (CH,), 77.2 (CH),
127.0, 128.5, 128.7 (CHAr), 140.4 (CqAr); MS (CI, CH,): m/z
194 (MH*, 18), 193 (100), 162, 91.

(S)-N-Benzyl leucinol 10.  Yield: 97%; R;: 0.45 (AcOEt); mp
70 °C; [a]? +31.0 (¢ 1.0, CHCL,); 04(200 MHz, CDCl;, Me,Si):
0.89 and 0.92 (two d, 6H, J = 6.8, Me), 1.19-1.50 (m, 1H,
CH(CH,),), 1.58-1.68 (m, 2H, CH,CH(Me),), 2.13 (bs, 2H,
NH and OH), 2.73-2.80 (m, 1H, CHN), 3.29 (d, 1H, J = 11,
CHHOH), 3.42(d, 1H,J =11, CHHOH), 3.81 (d, J = 2.4, 2H,
CH,Ph), 7.27-7.36 (m, SH, Ph); 6.(75 MHz, CDCl;, Me,Si):
22.7,23.1 (CHj;), 25.0 (CH), 40.9, 50.8, 56.1 (CH,), 63.0 (CH),
127.0, 128.0, 128.3 (CHAr), 139.5 (CqAr); MS (CI, NH;): m/z
221.2, 220.3, 206.4, 162.7, 91.9; Anal. calcd. for C;;H, NO: C,
75.32; H, 10.21; N, 6.76. Found: C, 75.28; H, 10.32; N, 6.65%.

General procedure for alkylation with bromoacetonitrile

To a solution of N-benzyl aminoalcohol (9.66 mmol) in
acetonitrile (80 mL) was added potassium carbonate (2.06 g,
14.9 mmol) and bromoacetonitrile (1.90 mL, 27 mmol). The
resulting mixture was refluxed for 2.5 h and, after cooling to rt,
concentrated to dryness under reduced pressure. After addition
of water and ether, the usual workup was followed by flash
chromatography (AcOEt-CyH, 2 : 8) of the crude residue and
gave the following compounds:

(S)-N-Benzyl-N-cyanomethyl-2-aminopropan-1-ol 12. Yield:
68%; R;:0.34 (E-CyH, 8:2); [a]Z +75.2(c 1.5, CHCL,); IR (film):
3441, 2965, 2930, 2879, 2228, 1496, 1445 cm™; §,;(250 MHz,
CDCl;, Me,Si): 0.98 (d, 3H, J = 6.8, Me), 2.39 (bs, 1H, OH),
2.81-2.96 (m, 1H, CHMe), 3.22 (d, 2H, J = 5.9, CH,CN), 3.31
(d,2H,J =6.2, CH,OH), 3.48 (d, 1H, J = 13.3, CHHPh), 3.66
(d, 1H, J =13.3, CHHPh), 7.05-7.15 (m, 5H, Ph); 6,(62.9 MHz,
CDCl;, Me,Si): 11.8 (CHj;), 38.5, 53.1 (CH,), 59.6 (CH), 63.5
(CH,), 116.8 (CN), 128.0, 128.9, 129.0 (CHAr), 136.9 (CqAr);
Anal. Calcd. for C,,H,(N,O: C, 70.56; H, 7.89; N, 13.71. Found:
C, 69.78; H, 7.90; N, 13.32%.

(S)-N-Benzyl-N-cyanomethyl-2-aminobutan-1-ol 13. Yield:
85%; Ry: 0.85 (AcOEt-PE, 1 : 1); [a]® +35.0 (¢ 1.1, CHCL);
Jdn(300 MHz, CDCl;, Me,Si): 0.99 (t, 3H, J = 7.2, Me), 1.36—
1.92 (m, 2H, CH,CH;), 2.70 (bs, 1H, OH), 2.76-2.87 (m, 1H,
CHCH,), 3.46-3.70 (m, 4H, CH,CN and CH,0H), 3.78 (d, 1H,
J =13.4, CHHPh), 3.91 (d, 1H, J = 13.3, CHHPh), 7.15-7.45
(m, 5H, Ph); 6-(62.9 MHz, CDCl;, Me,Si): 11.5 (CH,), 20.2,
38.2, 53.9 (CH,), 61.2 (CH), 65.9 (CH,), 117.1 (CN), 127.9,
128.5, 128.9 (CHAr), 137.2 (CqAr); MS (CI, NH;): m/z 192.6,
162.8, 92.5; Anal. Calcd. for C;;HsN,O: C, 71.53; H, 8.31; N,
12.83. Found: C, 71.60; H, 8.39; N, 12.72%.

(S)-N-Benzyl-N-cyanomethyl-2-aminopentan-1-ol 14. Yield:
74%; Ryt 0.89 (AcOEt-PE, 1 : 1); [a]¥ +28.0 (¢ 1.1, CHCL);
0u(300 MHz, CDCl;, Me,Si): 0.96 (t, 3H, J = 7.2, Me), 1.27—
1.41 (m, 4H, (CH,),CH,), 2.58 (bs, 1H, OH), 2.91-3.01 (m, 1H,
CHN), 3.46 (s, 2H, CH,CN), 3.59 (dd, 1H, J = 6.6 and 11,

CHHOH), 3.69 (dd, 1H, J = 3.7 and 11, CHHOH), 3.76 (d,
1H, J = 13.4, CHHPh), 3.92 (d, 1H, J = 13.3, CHHPh), 7.30—
7.34 (m, SH, Ph); 0¢(62.9 MHz, CDCL,, Me,Si): 14.2 (CH,),
20.1,29.1, 38.2, 53.9, 61.6 (CH,), 64.1 (CH), 117.0 (CN), 127.4,
127.9, 128.9 (CHAT), 137.2 (CqAr).

(S)-N-Benzyl-N-cyanomethyl-valinol 15. Yield: 80%; R
0.77 (AcOEY); [a]® —9 (¢ 1.6, CHCL); 64(300 MHz, CDCL,,
Me,Si): 0.99 (t, 3H, J = 6.8, Me), 1.11 (t, 3H, J = 6.8, Me),
1.96-2.08 (m, 1H, CH(CHj;),), 2.35 (bs, 1H, OH), 2.53-2.60 (m,
IH, CHCHMe,), 3.49 (d, 1H, J = 17.5, CHHOH), 3.54 (d,
1H, J = 17.5, CHHOH), 3.72-3.98 (m, 4H, CH,Ph, CH,CN),
7.28-7.39 (m, 5H, Ph); 6.(62.9 MHz, CDCl;, Me,Si): 19.8, 21.5
(CH;), 27.6 (CH), 38.4, 55.9,59.8 (CH,), 69.8 (CH), 117.4 (CN),
127.0, 128.5, 128.9 (CHAr), 137.8 (CqAr); MS (CI, NH;): m/z
206.4,205.3, 162.3, 90.9; Anal. Calcd. for C,H,N,O: C, 72.38;
H, 8.68; N, 12.06. Found: C, 72.12; H, 8.84; N, 11.95%.

(S)-N-Benzyl-N-cyanomethyl-leucinol 16. Yield: 82%; R:
0.33 (E-CyH, 1 : 1); [a]y +51 (¢ 1.5, CHCL); 64(200 MHz,
CDCl;, Me,Si): 0.97 (d, 6H, J = 6.1, 2Me), 1.21-1.34 (m,
CH(Me),), 1.58-1.74 (m, 2H, CHCH ,CH), 2.52 (bs, 1H, OH),
2.99-3.09 (m, 1H, CHN), 3.47-3.71 (m, 4H, CH,OH, CH,CN),
3.78 (d, 1H, J = 13.6, CHHPh), 3.78 (d, 1H, J = 13.6, CHHPh),
7.20-7.40 (m, 5H, Ph); 6.(62.9 MHz, CDCl;, Me,Si): 22.3, 23.3
(CH,;), 25.4 (CH), 35.8, 38.2, 53.9 (CH,), 61.2 (CH), 62.4 (CH,),
116.9 (CN), 127.9, 128.9, 129.0 (CHAr), 137.2 (CqAr); MS (IC,
NH;): m/z220.3, 162.7,91.9.

General procedure for the “one-pot” Swern reaction and Wittig
olefination

To a solution of oxalyl chloride (0.16 mL, 1.8 mmol) in
dichloromethane (10 mL) was added dropwise at —50 °C DMSO
(0.15 mL, 1.7 mmol). After five minutes, the reaction mixture
was cooled to —78 °C and the amino alcohol (1.2 mmol) in
dichloromethane (5 mL) was added dropwise. After 30 min at
—78 °C, triethylamine (0.63 mL, 3.7 mmol) was added dropwise,
followed after 5 minutes by a solution of carboethoxymethylen-
etriphenylphosphorane (0.8 g, 2.3 mmol) in dichloromethane
(5 mL). The reaction mixture was then gradually allowed to
reach room temperature and was hydrolysed by addition of
water. Usual workup (dichloromethane) gave a residue that was
purified by flash chromatography.

(2E ,4S)-4-(Benzyl-cyanomethyl-amino)-4-phenyl-but-2-enoic
acid ethyl ester 17. Yield: 83%; R;: 0.72 (E-CyH, 6 : 4); [a]}
—40 (¢ 0.9, CHCl); 64(250 MHz, CDCl;, Me,Si): 1.19 (t, 3H,
J =13, CH,), 3.27 (d, 1H, J = 17.5, CHHCN), 3.28 (d, 1H,
J = 17.5, CHHCN), 3.60 (AB syst., 2H, J = 13.5, CH,Ph),
4.09 (q, 2H, J = 7.3, OCH,), 4.23 (d, 1H, J = 9.3, NCHPh),
6.11 (d, 1H, J = 15.5, CHCOOE), 6.96 (dd, 1H, J = 9.8,
15.8, CH=CHCO.,Et), 7.18-7.41 (m, 10H, Ph); 6.(62.9 MHz,
CDCl;, Me,Si): 14.3 (CH;), 39.2, 55.6, 60.8 (CH,), 69.6 (CH),
114.1 (CN), 123.4 (CH), 128.0, 128.1, 128.8, 128.9, 128.9, 129.5
(CHAr), 136.9, 139.0 (Cq Ar), 147.2 (CH), 166.0 (CO); Anal.
Calcd. for C,;H,,N,O,: C, 75.42; H, 6.63; N, 8.38. Found: C,
74.93; H, 6.73; N, 8.02%.

(2E.,4S)-4-(Benzyl-cyanomethyl - amino ) - pent -2 - enoic acid
ethyl ester 18.  Yield: 73%; R;: 0.53 (E-CyH, 1 : 1); [a]5 —37.9
(¢ 0.9, CHClL,); 0u(250 MHz, CDCl;, Me,Si): 1.04 (t, 3H, J =
7.3, CH,), 1.08 (d, 3H, J = 6.8, CH5;), 3.15 (AB syst., 2H, J =
17.6, CH,CN), 3.18-3.32 (m, 1H, CHCH,), 3.48 (AB syst., 2H,
J = 17.6, CH,Ph), 3.95 (q, 2H, J = 7.1, CH,CH,;), 5.78 (dd,
1H, J = 1.0, 15.8, CHCOOE), 6.66 (dd, 1H, J = 7.4, 15.7,
CH=CHCQO,Et), 7.00-7.09 (m, SH, Ph); 6.(62.9 MHz, CDCl,,
Me,Si): 14.3, 17.5 (CH,), 38.5, 55.2, 60.7 (CH,), 115.7 (CN),
123.0 (CH), 127.9, 128.8, 128.9 (CHAr), 137.0 (Cq Ar), 149.3
(CH), 166.2 (CO); Anal. Calcd. for C¢H,,N,O,: C, 70.56; H,
7.40; N, 10.29. Found: C, 70.64; H, 7.55; N, 10.18%.
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(2E ,45)-4-(Benzyl-cyanomethyl-amino)-hex-2-enoic acid ethyl
ester 19. Yield: 84%; R;: 0.66 (AcOEt-PE, 1 : 1); [a]5 —37
(¢ 1.1, CHCl;); 65(300 MHz, CDCl;, Me,Si): 0.95 (t, 3H, J = 7.3,
CH,), 1.31 (t, 3H, J = 7.1, CH;), 1.57-1.58 (m, 2H, CH,CH,),
3.21-3.29 (m, 1H, CHN), 3.37(d, 1H, J = 17.9, CHHCN), 3.45
(d, 1H, J = 17.9, CHHCN), 3.68 (d, 1H, J = 13.5, CHHPh),
3.80 (d, 1H, J = 13.5, CHHPh), 4.22 (q, 2H, J = 7.0, CH,0),
6.03 (d, 1H, J = 15.7, CHCOOE), 6.90 (dd, 1H, J = 8.6, 15.7,
CH=CHCO,Et), 7.27-7.34 (m, 5H, Ph); 6.(62.9 MHz, CDCl;,
Me,Si): 10.1, 14.2 (CH,), 24.6, 38.5, 54.9, 60.6 (CH,), 64.6 (CH),
115.7(CN), 124.5(CH), 127.8,128.7,128.8,129.1 (CHATr), 137.1
(Cq Ar), 146.3 (CH), 170.0 (CO); MS (IC, NH;): m/z: 286.6,
256.9, 91.9; Anal. Calcd. for C,;H,,N,O,: C, 71.30; H, 7.74; N,
9.78. Found: C, 71.29; H, 7.82; N, 9.76%.

(2E4S)-4-(Benzyl-cyanomethyl-amino)-hept-2-enoic acid
ethyl ester 20. Yield: 92%; R:: 0.7 (AcOEt-PE, 1 : 1); [a]®
—37 (¢ 1.1, CHCL); 64(300 MHz, CDCl,, Me,Si): 0.95 (t, 3H,
J =17.1, CH,), 1.30 (t, 3H, J = 7.1, CH;), 1.31-1.90 (m, 4H,
(CH,),CH,), 3.32-3.38 (m, 1H, CHN), 3.43 (s, 2H, CH,CN),
3.68(d, 1H,J =13.5, CHHPh), 3.84 (d, 1H, J = 13.5, CHHPh),
4.24(q,2H,J =17.0,CH,0), 6.03 (d, 1H, J = 14.2, CHCOOEv),
6.90 (dd, 1H, J = 8.6, 14.7, CH=CHCO,Et), 7.25-7.35 (m, 5H,
Ph); 6.(62.9 MHz, CDCl;, Me,Si): 14.0, 14.2 (CH;), 19.0, 33.8,
38.5,54.9,60.6 (CH,), 63.0(CH), 115.8 (CN), 124.3 (CH), 127.8,
128.7, 128.8 (CHAr), 137.1 (Cq Ar), 146.5 (CH), 165.9 (CO).

(2E 4S)-4-(Benzyl-cyanomethyl-amino)-5-methyl-hex-2-enoic
acid ethyl ester 21. Yield: 94%; R;: 0.53 (AcOEt-PE, 2 : 8);
[aly —32 (c 3.3, CHCL,); 61(300 MHz, CDCl;, Me,Si): 0.91 (d,
3H, J = 6.8, CH,), 1.01 (d, 3H, J = 6.8, CH;), 1.35 (t, 3H,
J =7.1, CH;), 2.03-2.10 (m, 1H, CHMe,), 3.48 (dd, 1H, J =
7.1 and 9.8, CHN), 3.35 (d, IH, J = 17.6, CHHCN), 3.43 (d,
1H, J = 17.6, CHHCN), 3.43 (d, 1H, J = 13.5, CHHPh), 3.43
(d, 1H, J = 13.5, CHHPh), 4.22 (q, 2H, J = 7.1, OCH,CH,),
6.00 (d, 1H, J = 15.8, CHCOOE), 6.85 (dd, 1H, J = 10 and
15.7, CH=CHCO,Et), 7.22-7.35 (m, SH, Ph); 6.(62.9 MHz,
CDCl;, Me,Si): 14.2, 17.8, 20.1 (CH;), 28.7 (CH), 38.6, 54.9,
60.4 (CH,), 69.2 (CH), 115.6 (CN), 125.9 (CH), 127.8, 128.7,
130.2 (CHAr), 137.1 (Cq Ar), 144.2 (CH), 165.5 (CO); MS (CI,
NH;): m/z: 301.2, 300.3, 257.3, 108.0, 90.9; Anal. Calcd. for
CsH,uN,0,: C, 71.97; H, 8.05; N, 9.33. Found: C, 71.98; H,
7.98; N, 9.27%.

(2E.,4S)-4-(Benzyl-cyanomethyl-amino ) - 6-methyl - hept-2-
enoic acid ethyl ester 22. Yield: 77%; R;: 0.43 (E-CyH, 85 :
15); [a]s —16 (¢ 1.1, CHCL,); 04(300 MHz, CDCl;, Me,Si): 0.83
(d, 6H, J =6.8,2CH;), 1.31 (t, 3H, J = 7.2, CH};), 1.40-2.69 (m,
3H, CH,CHMe,), 3.35-3.48 (m, 3H, CHN, CH,CN), 3.66 (d,
1H, J = 13.4, CHHPh), 3.85 (d, 1H, J = 13.4, CHHPh), 4.23
(q, 2H, J = 7.1, OCH,CH,;), 6.02 (d, 1H, J = 16, CHCOOEY),
6.89 (dd, 1H, J = 8 and 16, CH=CHCO,Et), 7.21-7.35 (m,
SH, Ph); 6.(62.9 MHz, CDCl;, Me,Si): 14.2, 22.1, 23.1 (CH,),
24.6 (CH), 38.3, 40.5, 54.7, 60.6 (CH,), 61.2 (CH), 116.6 (CN),
124.3 (CH), 127.8, 128.7, 130.2 (CHAr), 137.1 (Cq Ar), 146.2
(CH), 165.5 (CO); MS (CI, NH;): m/z: 315.2, 314.3, 256.8,
92.4; Anal. Calcd. for C,,H,xN,O,: C, 72.58; H, 8.33; N, 8.91.
Found: C, 72.69; H, 8.48; N, 8.80%.

General procedure for azetidine formation

To a solution of amino ester (1.19 mmol) in THF (5 mL) was
added, at —78 °C, a solution of LIHMDS (1 M solution in THF,
1.42 mL, 1.42 mmol). The mixture was gradually warmed to
—10 °C over a period of 2 h and the progress of the reaction was
monitored by TLC. After completion, hydrolysis by a saturated
aqueous solution of ammonium chloride was followed by the
usual workup (AcOEt). Flash chromatography of the residue
on silica gel (eluant: AcOEt-PE, 5 : 95 then 1 : 9) gave 2,3-cis-
isomers, followed by 2,3-trans-isomers.
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(3R, 4S,5R)-(1-Benzyl-2-cyano-4-phenyl-azetidin-3-yl)-acetic
acid ethyl ester 23. R = Ph: overall yield: 58%. Cis—trans ratio,
38:62.

Yield: 22%; Ry: 0.72 (E-CyH, 60 : 40); [a]ly +91.6 (c 0.4,
CHCl); 0x(250 MHz, CDCl;, Me,Si): 1.08 (t, 3H, J = 7.5,
CH,), 2.61 (dd, 1H, J = 4.6, 12.9, CHHCO,Et), 2.73-2.98 (m,
2H, CHHCO,Et and CHCH,), 3.70 (AB syst., 2H, J = 13.3,
CH,Ph), 3.97 (brquad, 3H, J = 7.1, OCH, and CHPh), 4.34 (d,
1H, J = 7.1, CHCN), 7.18-7.38 (m, 10H, Ar); 6.(62.9 MHz,
CDCl;, Me,Si): 14.2 (CH;), 34.2 (CH,), 40.6, 55.3 (CH), 56.0,
61.0 (CH,), 72.7 (CH), 115.7 (CN), 127.1, 127.7, 128.6, 128.8,
129.2 (CHAr), 136.5, 139.5 (CqAr), 170.7 (CO); Anal. Calcd.
for C,;H,,N,O,: C, 75.42; H, 6.63; N, 8.38. Found: C, 74.93; H,
6.73; N, 8.02%.

(3S,4R,5R)-(1-Benzyl-2-cyano-4-phenyl-azetidin-3-yl)-acetic
acid ethyl ester 24.  Yield: 36%; mp: 68-70 °C; R;: 0.5 (E-CyH,
1:1); [a]? —68.7 (c 1.5, CHCL,); 0(250 MHz, CDCl;, Me,Si):
1.10 (t, 3H, J = 6.8, CH,;), 2.48 (ABX syst., 1H, CHHCO,Et),
2.50 (ABX syst., 1H, CHHCO,Et), 2.83 (dquad, 1H, J = 5.9
and 6.0, CHCH,), 3.49 (d, 1H, J = 7.7, CHPh), 3.52 (d, J =
12.9, CHHPh), 3.75(d, 1H,J =7.1, CHCN), 3.83(d, J = 12.9,
CHHPh), 4.00 (dquad, 2H, J = 1.5 and 7.4, CH,0), 7.18-7.38
(m, 10H, Ar); 6.(62.9 MHz, CDCl;, Me,Si): 14.2 (CH,), 36.4
(CH,), 43.6, 53.1 (CH), 59.9, 61.2 (CH,), 71.3 (CH), 118.9
(CN), 127.1, 128.0, 128.5, 128.6, 128.7, 129.6 (CHAr), 135.0,
139.8 (CqAr), 170.3 (CO); Anal. Caled. for C,;H,N,O,: C,
75.42; H, 6.63; N, 8.38. Found: C, 75.27; H, 6.72; N, 8.12%.

(3R ,45,55)-(1-Benzyl-2-cyano-4-methyl-azetidin-3-yl)-acetic
acid ethyl ester 25. R = Me: overall yield: 74%. Cis—trans
ratio, 37 : 63.

Yield: 27%; R;: 0.59 (E-CyH, 1 : 1); [a] +101.5(c 0.2, CHCL,);
IR (neat): 2966, 2925, 2848, 2223, 1726 cm™"; 64(250 MHz,
CDCl,;, Me,Si): 1.05 (d, 3H, J = 6.2, CH;), 1.18 (t, 3H, J =
7.1, CH;), 2.54-2.70 (m, 3H, CHCH ,CO,Et), 3.10-3.23 (m,
1H, CHCH,), 3.62 (d, 1H, J = 13.3, CHHPh), 3.75 (d, 1H,
J =13.3, CHHPh), 4.06 (q, 2H, J = 7.1, CH,0), 4.30 (d, 1H,
J=5.9,CHCN), 7.18-7.30 (m, SH, Ar); -(62.9 MHz, CDCl;,
Me,Si): 14.3, 19.8 (CH;), 34.5 (CH,), 37.8, 55.9 (CH), 56.5, 61.0
(CH,), 66.5 (CH), 116.1 (CN), 127.6, 128.6, 129.2 (CHAr), 136.9
(CqAr), 171.1 (CO); Anal. Calcd. for C,4H5,N,O,: C, 70.56; H,
7.40; N, 10.29. Found: C, 70.63; H, 7.58; N, 10.18%.

(35,4S5,55)-(1-Benzyl-2-cyano-4-methyl-azetidin-3-yl)-acetic
acid ethyl ester 26. Yield: 47%; R;: 0.47 (E-CyH, 1 : 1); [a]}
—15.8 (¢ 0.5, CHCL); IR (neat): 2980, 2925, 2863, 2238, 1726,
1491, 1450 cm™'; 6,4(250 MHz, CDCl;, Me,Si): 1.02 (d, 3H, J =
5.9, CH;), 1.19 (t, 3H, J = 7.15, CH,), 2.42 (d, 1H, J = 3.1,
CHHCO,Et), 2.45 (d, 1H, J = 0.9, CHHCO,Et), 2.52-2.67
(m, 1H, CHCH,), 2.90 (qd, 1H, J = 6 and 7.5, 1H, CHCH,;),
3.35(d, 1H, J = 7.4, CHCN), 3.64 (AB syst., 2H, J = 12.9,
CH,Ph), 4.08 (q, 2H, J = 7.1, CH,0), 7.19-7.27 (m, 5H, Ar);
0c(62.9 MHz, CDCl;, Me,Si): 14.3, 20.6 (CH,), 36.7 (CH,),
41.0, 54.3 (CH), 60.8, 61.2 (CH,), 65.8 (CH), 119.0 (CN), 128.0,
128.6, 129.4 (CHAr), 135.7 (CqAr), 170.6 (CO); Anal. Calcd.
for C;H,N,0,: C, 70.56; H, 7.40; N, 10.29. Found: C, 70.54;
H, 7.51; N, 10.24%.

(3R,45,5S5)-(1-Benzyl-2-cyano-4-ethyl-azetidin-3-yl)-acetic
acid ethyl ester 27. R = Et: overall yield: 73%. Cis—trans ratio,
42 :58.

Yield: 31%; R;: 0.69 (AcOEt-PE, 2 : 8); [a]l; +83 (c 0.6,
CHCl,);04(300 MHz, CDCl;, Me,Si): 0.90 (t, 3H, J = 7.5, CH,),
1.27 (t, 3H, J = 7.5, CHj;), 1.50-1.56 (m, 2H, CH,;CH,), 2.64—
2.84 (m, 3H, CHCH,CO,Et), 3.16 (q, 1H, J = 6.8, CHN), 3.74
(d, 1H,J =13.2, CHHPh),3.87(d, 1H, J =13.2, CHHPh), 4.18
(q,2H,J=7.1,CH,0),4.38(d, 1H,J =7.4, CHCN), 7.27-7.31
(m, 5H, Ar);0-(62.9 MHz, CDCl;, Me,Si): 9.3, 14.1 (CH,), 27.0,
35.0 (CH,), 35.3, 55.6 (CH), 56.8, 60.9 (CH,), 71.6 (CH), 117.0
(CN), 127.4, 128.4, 128.9 (CHAr), 138.1 (CqAr), 171.4 (C=0);





MS (CI, NH;): m/z 286.6, 91.9; Anal. Calcd. for C;H,,N,0O,:
C, 71.30; H, 7.74; N, 9.78. Found: C, 71.23; H, 7.79; N, 9.74%.

(35,4R,55)-(1-Benzyl-2-cyano-4-ethyl-azetidin-3-yl)-acetic
acid ethyl ester 28. Yield: 42%; R;: 0.59 (AcOEt-PE, 2 : 8);
[a]? =9 (c 0.8, CHCL;); 4(300 MHz, CDCl;, Me,Si): 0.86 (t,
3H, J = 7.5, CH;), 1.29 (t, 3H, J = 7.5, CH,;), 1.45-1.55 (m,
2H, CH,CH,), 2.44-261 (m, 2H, CHCH,CO,Et), 2.71-2.77
(m, 1H, CHCH,CO,Et), 2.87-2.93 (m, 1H, CHN), 3.45 (d, 1H,
J =175, CHCN), 3.66 (d, 1H, J = 12.9, CHHPh), 3.81 (d, 1H,
J =129, CHHPh), 4.16 (q, 2H, J = 7.3, CH,0), 7.25-7.31 (m,
SH, Ar); 6.(62.9 MHz, CDCl;, Me,Si): 9.2, 14.2 (CH,;), 27.8,
37.4 (CH,), 38.5, 54.0 (CH), 61.0, 61.4 (CH,), 71.4 (CH), 119.1
(CN), 127.8, 128.5, 129.2 (CHAr), 136.1 (CqAr), 170.5 (CO);
MS (CI, NH;): m/z 286.7, 91.9; Anal. Calcd. for C;;H,,N,0,:
C, 71.30; H, 7.74; N, 9.78. Found: C, 71.31; H, 7.83; N, 9.75%.

(3R,45,55)-(1-Benzyl-2-cyano-4-propyl-azetidin-3-yl)-acetic
acid ethyl ester 29. R = Pr: overall yield: 72%. Cis—trans ratio,
37:63.

Yield: 27%; Ry 0.72 (AcOEt-PE, 2 : 8); [a]Z +75 (c 0.8,
CHCl,);54(300 MHz, CDCl;, Me,Si): 0.92 (t, 3H, J = 7.5, CHj,),
1.32(t,3H,J =17.5,CH,), 1.40-1.58 (m, 4H, CH; (CH),), 2.62—
2.86 (m, 3H, CHCH ,CO,Et), 3.10 (q, 1H, J = 6.8, CHN), 3.65
(d, 1H, J = 13.2, CHHPh), 3.76 (d, 1H, J = 13.2, CHHPh),
4.18 (q, 2H, J = 7.1, CH,0), 4.28 (d, 1H, J = 6.3, CHCN),
7.27-7.32 (m, 5H, Ar); 6(62.9 MHz, CDCl;, Me,Si): 14.1, 14.3
(CH,), 18.5,34.5(CH,), 35.9, (CH), 36.7 (CH,), 55.6 (CH), 56.8,
60.6 (CH,), 70.1 (CH), 116.0 (CN), 127.5, 128.4, 128.9 (CHA),
136.8 (CqAr), 170.9 (C=0); MS (CI, NH;): m/z 300.6, 91.9.

(35,4R,55)-(1-Benzyl-2-cyano-4-propyl-azetidin-3-yl)-acetic
acid ethyl ester 30. Yield: 45%; R;: 0.62 (AcOEt-PE, 2 : 8);
[a]? —18 (¢ 0.7, CHCL); 04(300 MHz, CDCl,, Me,Si): 0.88 (t,
3H, J = 7.5, CH;), 1.29 (t, 3H, J = 7.5, CHj;), 1.32-1.56 (m,
4H, CH; (CH)),), 2.48-2.65 (m, 2H, CHCH ,CO,Et), 2.75-2.79
(m, 1H, CHCH,CO,Et), 2.85-2.99 (m, 1H, CHN), 3.45 (d, 1H,
J =175, CHCN), 3.66 (d, 1H, J = 12.9, CHHPh), 3.85 (d, 1H,
J =129, CHHPh), 4.15(q, 2H, J = 7.3, CH,0), 7.25-7.31 (m,
5H, Ar); 6:(62.9 MHz, CDCl;, Me,Si): 14.1 (2CHj;), 18.3, 37.3,
37.5 (CH,), 39.1, 54.0 (CH), 61.0, 61.4 (CH,), 69.5 (CH), 114.0
(CN), 127.4, 128.5, 128.9 (CHAr), 135.8 (CqAr), 170.5 (CO).

(3R,45,5S5)-(1-Benzyl-2-cyano-4-isopropyl-azetidin-3-yl)-
acetic acid ethyl ester 31. R = i-Pr: overall yield: §7%.
Cis—trans ratio, 30 : 70.

Yield: 26%; R 0.67 (AcOEt-PE, 2 : 8); [a]y +81 (c 1.1,
CHCl,); 04(300 MHz, CDCI;, Me,Si): 0.73 and 0.74 (2d, 6H,
J = 6.8, CH,), 1.05 (t, 3H, J = 7.1, CH5;), 1.53-1.61 (m, 1H,
(CH;),CH), 2.41-2.66 (m, 2H, CHCH ,CO,Et), 2.57-2.58 (m,
1H, CHCH,CO,Et), 2.81-2.84 (m, 1H, CHN), 3.54 (d, 1H, J =
13.5, CHHPh), 3.72 (d, 1H, J = 13.5, CHHPh), 3.93 (q, 2H,
J=17.1,CH,0),4.13 (d, 1H, J = 7.4, CHCN), 7.06-7.13 (m,
5H, Ar); 60(62.9 MHz, CDCl;, Me,Si): 14.1, 17.7, 19.0 (CH,),
31.8, 32.7 (CH), 35.5 (CH,), 55.3 (CH), 57.2, 60.9 (CH,), 75.4
(CH), 116.0 (CN), 127.4, 128.4, 128.9 (CHAr), 136.9 (CqAr),
170.9 (C=0); MS (CI, NH,): m/z 286.6, 91.9; Anal. Calcd. for
CsH,,N,0,: C,71.97; H, 8.05; N, 9.33. Found: C, 71.84; H, 8.14;
N, 9.24%.

(35,4R,55)-(1-Benzyl-2-cyano-4-isopropyl-azetidin-3-yl)-
acetic acid ethyl ester 32. Yield: 61%; R;: 0.52 (AcOEt-PE,
2:8); [aly +1.5 (¢ 1.5, CHCL); 64(300 MHz, CDCl;, Me,Si):
0.74 and 0.75 (2d, 6H, J = 6.9, CH,), 1.12 (t, 3H, J =
7.1, CH;), 1.53-1.64 (m, 1H, (CH,),CH), 2.25-2.62 (m, 4H,
CHCH,CO,Et and CHN), 3.27 (d, 1H, J = 7.1, CHCN), 3.42
(d, 1H,J =13.0,CHHPh), 3.77 (d, 1H, J = 13.0, CHHPh), 4.00
(q, 2H, J = 7.1, CH,0), 7.12-7.25 (m, 5H, Ar); 6-(62.9 MHz,
CDCl;, Me,Si): 14.1, 17.6, 18.7 (CH,), 32.8, 36.2 (CH), 38.0
(CH,), 53.8 (CH), 61.0, 62.2 (CH,), 75.1 (CH), 119.2 (CN),
127.8, 128.5, 129.1 (CHAr), 136.0 (CqAr), 170.5 (CO); MS (CI,

NH;): m/z 286.6, 91.9; Anal. Calcd. for C,sH,,N,O,: C, 71.97;
H, 8.05; N, 9.33. Found: C, 71.87; H, 8.15; N, 9.25%.

(3R,4S5,55)-(1-Benzyl-2-cyano-4-isobutyl-azetidin-3-yl)-acetic
acid ethyl ester 33. R = i-Bu: overall yield: 86%. Cis—trans
ratio, 27 : 63.

Yield: 32%; R;: 0.77 (AcOEt-PE, 2 : 8); [a]y +85 (c 1.2,
CHC,); 64(300 MHz, CDCl;, Me,Si): 0.88 and 0.91 (2d, 6H,
J =5.1, CH,), 1.25 (t, 3H, J = 7.0, CH;), 1.41-1.62 (m, 3H,
(CH;),CHCH,), 2.61-2.83 (m, 3H, CHCH,CO,Et), 3.24 (q,
1H, J = 6.4, CHN), 3.56 (d, 1H, J = 12.6, CHHPh), 3.80 (d,
1H, J = 12.6, CHHPh), 4.13 (q, 2H, J = 7.1, CH,0), 4.35 (d,
1H, J = 6.1, CHCN), 7.28-7.35 (m, 5H, Ar); 0.(62.9 MHz,
CDCl;, Me,Si): 14.1, 22.8, 23.2 (CH;), 24.8 (CH), 34.8 (CH,),
36.7 (CH), 44.5, 55.6 (CH,), 56.8 (CH), 60.8 (CH,), 68.5 (CH),
116.0 (CN), 127.4, 128.4, 128.9 (CHAr), 136.7 (CqAr), 170.8
(CO); MS (CI, NH;): m/z 315.3, 314.4, 92.4; Anal. Calcd. for
C,yHxxN,0,: C,72.58; H, 8.33; N, 8.91. Found: C, 72.39; H, 8.44;
N, 8.86%.

(35,4R,55)-(1-Benzyl-2-cyano-4-isobutyl-azetidin-3-yl)-acetic
acid ethyl ester 34.  Yield: 54%; R;: 0.53 (AcOEt-PE, 2 : 8); [a]?
+5 (¢ 1.5, CHCL,); 64(300 MHz, CDCl;, Me,Si): 0.85 and 0.88
(2d, 6H, J = 6.0, CH5;), 1.28 (t, 3H, J = 7.1, CHj3), 1.38-170 (m,
3H, (CH,),CHCH,), 2.40-2.77 (m, 3H, CHCH ,CO,Et), 3.02
(q, IH, J = 6.6, CHN), 3.44 (d, 1H, J = 7.5, CHCN), 3.53 (d,
1H, J = 13.0, CHHPh), 3.69 (d, 1H, J = 13.0, CHHPh), 4.16
(g, 2H, J = 7.1, CH,0), 7.25-7.45 (m, 5H, Ar); 6:(62.9 MHz,
CDCl;, Me,Si): 14.1, 22.8, 23.1 (CH;), 24.5 (CH), 37.2 (CH,),
39.8 (CH), 45.1, 54.0 (CH,), 61.0, 61.4, 67.9 (CH), 119.0 (CN),
127.9, 128.5, 129.2 (CHAr), 135.7 (CqAr), 170.4 (CO); MS (CI,
NH,;): m/z 315.3, 314.4, 92.3; Anal. Calcd. for C,yH,xN,0O,: C,
72.58; H, 8.33; N, 8.91. Found: C, 72.73; H, 8.49; N, 8.78%.

General procedure for the hydrolysis—debenzylation steps

An emulsion of 2-cyano azetidine (0.75 mmol) in a 1 : 1 mixture
of CCl, and 6N aqueous HCI (20 mL) was heated for 48 h
with vigorous stirring at 80 °C. The mixture was cooled to rt
and concentrated to dryness under reduced pressure. The crude
residue was washed with small portions of diethyl ether to give
the crude chlorhydrate that was used as such for the next step.

A suspension of the above hydrochloride (0.484 mmol)
in ethanol (15 mL) was stirred until complete dissolution.
Palladium on charcoal (10% wt., 60 mg) was then added and
the suspension was vigorously stirred under an atmosphere
of hydrogen (balloon) for 4 h. After filtration on Celite, the
filtrate was evaporated to dryness. The residue was dissolved
in the minor amount of water and this solution was deposited
on an ion exchange resin (Dowex 50 x 8, H* form, 3 g) in a
chromatography column. The resin was washed with water until
neutrality and the amino acid was then eluted with an aqueous
solution of ammonia (1%). The elution of the TLCs was done
with EtOH-40% aqueous NH;-H,0=9:3: 1. Positive fractions
were then lyophilized to give amino acids as solids.

(2R,3S5,4S5)-3-Carboxymethyl-4-methyl-azetidine-2-carboxylic
acid 35. Yield: 80%; R; = 0.29 (EtOH-40%NH,OH-H,0, 9 :
3:1); [ 497 (¢ 0.2, H,0); 64(200 MHz, D,0, Me,Si): 1.56 (d,
3H, J = 6.6, Me), 2.26 (dd, 1H, J = 11.4, 15.4, CHHCOOH),
2.50 (dd, 1H, J = 4.8, 15.4, CHHCOOH), 3.06 (dddd, 1H,
J =428, 7.5, 10.1, 11.9, CHCH,), 4.19 (quint, 1H, J = 7.0,
CHMe), 4.70 (d, 1H, J = 10.1, NCHCOOH); 6(75.5 MHz,
D,0, Me,Si): 21.3 (CH,), 43.0 (CH,), 45.3, 62.4, 63.0 (CH),
176.3, 181.5 (CO); Anal. Calcd. for C;H,;NO,, 0.75 NH;, 1.50
H,O: C, 39.48; H, 7.69; N, 11.51. Found: C, 39.33; H, 8.02;
N, 11.51%; MS (CI, CH,): m/z 174 (MH*, 19), 173 (34), 156
(100), 143 (10), 130 (12), 128 (19); HRMS (CI, CH,): MH*
(C;H,,NO,) Calcd. 174.0766, Found 174.0769.

(25,35,45)-3-Carboxymethyl-4-methyl-azetidine-2-carboxylic
acid 36. Yield: 66%; R, = 0.25 (EtOH-40%NH,OH-H,O,
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9:3:1);[a]Z +9.5(c 0.2, H,0); 65(200 MHz, D,0, Me,Si): 1.51
(d, 3H,J =7.0, Me), 2.38-2.91 (m, 3H, CH-CH,), 4.21 (quint,
1H, J = 8.8, CHMe), 4.33 (d, 1H, J = 8.6, NCHCOOH);
0c(75.5 MHz, D,0, Me,Si): 21.3 (CH,), 43.0 (CH,), 45.3 (CH),
62.4 (CH), 63.0 (CH), 176.3, 181.5 (CO); Anal. Calcd. for
C,H,NO,, 0.75 NH;, 1 H,0: C, 41.22; H, 7.54; N, 12.02.
Found: C, 41.40; H, 8.13; N, 12.03%; MS (CI, CH,): m/z 174
(MH*, 22), 173 (55), 156 (100), 130 (26), 128 (35); HRMS (CI,
CH,): MH* (C;H,,NO,) Calcd. 174.0766, Found 174.0764.

(2R,3S,45)-3-Carboxymethyl-4-ethyl-azetidine-2-carboxylic
acid37. Yield: 71%; R;=0.85 (EtOH-40%NH,OH-H,0,9:3:
1); [a]Z 4140 (c 0.2, H,0); 65(300 MHz, D,0, Me,Si): 0.83 (t,
3H, J =7.5, Me), 1.84 (quint, 2H, J = 7.5, CH,CHs;), 2.14-2.45
(m, 2H, CH,COOH), 2.97-3.08 (m, 1H, CHCH,COOH), 3.92
(g, 1H, J = 7.3, CHN), 4.60 (d, 1H, J = 10.2, NCHCOOH);
0c(75.5 MHz, D,O, Me,Si): 8.6 (CH,), 25.7, 37.3 (CH,),
37.7, 59.1, 66.6 (CH), 171.5, 178.7 (CO); MS (CI, NH;): m/z
176.1, 165.0, 158.0, 140.0, 115.0, 112.0, 96.0; EIHRMS: M*
(CsH,3NO,) Calcd. 187.084, Found 187.087.

(25,35,45)-3-Carboxymethyl-4-ethyl-azetidine-2-carboxylic
acid 38. Yield: 58%; R; = 0.88 (EtOH-40%NH,OH-H,O0, 9 :
3:1); [a]% 0 (¢ 0.3, H,0); 6,(300 MHz, D,0, Me,Si): 0.83 (t,
3H,J =17.5, Me), 1.78 (quint, 2H, J = 7.5, CH,CH};), 2.35-2.51
(m, 2H, CH,COOH), 2.72-2.79 (m, 1H, CHCH,COOH), 3.96
(q, 1H, J = 7.5, CHN), 4.28 (d, 1H, J = 8.3, NCHCOOH);
0c(75.5 MHz, D,O, Me,Si): 8.5 (CH,), 25.9, 40.5 (CH), 40.6
(CH,), 60.3, 64.8 (CH), 173.5, 178.9 (CO); MS (CI, NH;): m/z
199.1, 186.1, 168.1, 140.1, 112.1, 96.0, 78.0, 63.0; EIHRMS: M*
(C4H5sNO,) Calcd. 187.084, Found 187.087.

(2R,35,4S)-3-Carboxymethyl-4-propyl-azetidine-2-carboxylic
acid 39. Yield: 73%; R; = 0.85 (EtOH-40%NH,OH-H,0, 9 :
3:1); [a]Z +105 (¢ 0.2, H,0); 04(300 MHz, D,0, Me,Si): 0.89
(t, 3H, J = 7.5, Me), 1.22-1.50 (m, 2H, CH,CH,), 1.75-1.85
(m, 2H, CH,CH,CH,), 2.21 (dd, 1H, J = 8, 15, CHHCOOH)),
2.51 (dd, 1H, J = 4, 15, CHHCOOH), 3.01-3.18 (m, 1H,
CHCH,COOH), 4.12 (q, 1H, J = 7.3, CHN), 4.75 (d, 1H, J =
10.2, NCHCOOH); EIHRMS: M* (C,H,;sNO,) Calcd. 201.100,
Found 201.099.

(25,35,45)-3-Carboxymethyl-4-propyl-azetidine-2-carboxylic
acid 40. Yield: 68%; R; = 0.82 (EtOH-40%NH,OH-H,0, 9 :
3:1); [a]Z +5 (¢ 0.2, H,0); 01(300 MHz, D,0O, Me,Si): 0.88 (t,
3H, J = 7.5, Me), 1.20-1.52 (m, 2H, CH,CH,), 1.75-1.95 (m,
2H, CH,CH,CH,), 2.60-3.01 (m, 3H, CHCH,COOH), 4.18
(g, 1H, J = 7.3, CHN), 4.55 (d, 1H, J = 10.5, NCHCOOH);
EIHRMS: M* (CyH,;sNO,) Caled. 201.100, Found 201.099.

(2R,3S5,4S)-3-Carboxymethyl-4-isopropyl-azetidine-2-car-
boxylic acid 41. Yield: 49%; R; = 0.87 (EtOH-40%NH,OH-
H,0,9:3:1); mp: 152 °C; [a]g +32 (¢ 0.3, H,0); 04(300 MHz,
D,0, Me,Si): 0.83 (d, 3H, J = 6.5, Me), 0.89 (d, 3H, J =
6.5, Me), 1.99-2.11 (m, 1H, CH(Me),), 2.21-2.48 (m, 2H,
CH,COOH), 3.08-3.19 (m, 1H, CHCH,COOH), 3.71 (t,
IH, J = 7.5, CHN), 4.55 (d, 1H, J = 10.2, NCHCOOH);
dc(75.5 MHz, D,0, Me,Si): 16.3, 17.2 (CH;), 30.8, 35.9 (CH),
37.8 (CH,), 56.4, 70.3 (CH), 171.4, 178.0 (CO); MS (CI,
NH;): m/z 199.1, 183.1, 156.1, 140.0, 122.1, 112.0, 91.0, 78.0;
EIHRMS: M* (CyH,5NO,) Calcd. 201.100, Found 201.096.

(28,35,45)-3-Carboxymethyl-4-isopropyl -azetidine-2-car-
boxylic acid 42. Yield: 43%; R; = 0.81 (EtOH-40%NH,OH-
H,0, 9 : 3 : 1); mp: 113 °C; [a]5 0 (¢ 0.3, H,0); 64(300 MHz,
D,0, Me,Si): 0.56 (d, 3H, J = 6.5, Me), 0.62 (d, 3H, J =
6.5, Me), 1.65-1.77 (m, 1H, CH(Me),), 2.14-2.31 (m, 2H,
CH,COOH), 2.51-2.63 (m, 1H, CHCH,COOH), 3.51 (t,
1H, J = 7.0, CHN), 4.05 (d, 1H, J = 10.2, NCHCOOH);
dc(75.5 MHz, D,0, Me,Si): 16.0, 17.0 (CH;), 30.8, 39.6 (CH),
40.8 (CH,), 59.5, 68.5 (CH), 173.3, 178.7 (CO); MS (CI,
NH;): m/z202.1, 79.0, 64.0; EIHRMS: M* (C,H;NO,) Calcd.
201.100, Found 201.096.
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(2R,35,45)-3-Carboxymethyl -4 -isobutyl - azetidine- 2 - car -
boxylic acid 43. Yield: 64%; R; = 0.79 (EtOH-40%NH,OH-
H,0,9:3:1); mp: 185 °C; [a]% +46 (c 0.3, H,0); 65(300 MHz,
D,0, Me,Si): 0.57 (d, 6H, J = 6.5, 2Me), 1.23-1.65 (m, 3H,
CH,CHMe,), 1.96-2.23 (m, 2H, CH,COOH), 2.75-2.84 (m,
1H, CHCH,COOH), 3.80-3.98 (m, 1H, CHN), 4.37 (d, 1H,
J = 8.9, NCHCOOH); 6.(75.5 MHz, D,0, Me,Si): 21.0, 21.8
(CH;), 24.9 (CH), 37.1 (CH,), 37.3 (CH), 41.5 (CH,), 59.3,
63.6 (CH), 171.4, 178.0 (CO); MS (CI, NH;): m/z 237.1,
213.0, 199.0, 176.1, 153.0, 142.1, 126.1, 112.1; EIHRMS: M*
(C,©H;;NO,) Caled. 215.116, Found 215.116.

(25,35,4S5) - 3- Carboxymethyl -4 -isobutyl - azetidine - 2- car -
boxylic acid 44. Yield: 77%; R; = 0.88 (EtOH-40%NH,OH-
H,0, 9 : 3 : 1); mp: 192 °C; [a]% 0 (¢ 0.3, H,0); 64(300 MHz,
D,0, Me,Si): 0.81 (d, 6H, J = 6.5, 2Me), 1.59-1.76 (m, 3H,
CH,CHMe,), 2.43-2.63 (m, 2H, CH,COOH), 2.73-2.77 (m,
1H, CHCH,COOH), 4.10-4.14 (m, 1H, CHN), 4.31 (d, 1H,
J = 8.4, NCHCOOH); 6+(75.5 MHz, D,0, Me,Si): 21.1, 21.8
(CH,), 23.9 (CH), 39.8 (CH,), 41.4 (CH), 41.7 (CH,), 60.5,
61.8 (CH), 173.4, 178.3 (CO); MS (CI, NH;): m/z 244.2, 216.2,
157.0, 139.0, 93.0, 81.0, 78.0; EIHRMS: M* (C,,H;;NO,)
Calcd. 215.116, Found 215.116.

(45)-|Benzyl-(2-hydroxy-1-methylethyl)-amino]-acetic acid
tert-butyl ester 45. To a solution of amino alcohol 6 (2.5 g,
15.2 mmol) in DMF (65 mL) were added sodium iodide (4.5 g,
30.5 mmol), potassium hydrogencarbonate (3.05 g, 30.5 mmol)
and tert-butylbromoacetate (5.9 g, 30.5 mmol). After stirring
at rt for 12 h, the mixture was treated with water (100 mL).
Extraction with DCM and the usual workup gave amino alcohol
45 after purification (E-CyH =1 : 1) by flash chromatography
(3.22 g, 76%).

Rf=0.38(E-CyH =6:4);[a]}; +34.0(c 1.3, CHCL); IR (film):
3868, 3462, 2976, 2930, 1726, 1455, 1363 cm™'; 04(250 MHz,
CDCl;, Me,Si): 1.01 (d, 3H, J = 6.8, CH;), 1.45 (s, 9H, -Bu),
2.99-3.13 (m, 1H, CHMe), 3.13(d, 1H, J = 17.0, CHHPh), 3.29
(d, 1H, J = 17.3, CHHPh), 3.34-3.55 (m, 2H, CH,0H), 3.67
(d, IH, J = 13.6, NCHH), 3.90 (d, 1H, J = 13.6, NCHH), 3.99
(broadd, 1H, J =7.1,0H), 7.25-7.45 (m, 5H, Ph); 5-(62.9 MHz,
CDCl;, Me,Si): 10.3, 28.2 (CH;), 51.4, 55.1 (CH,), 57.2 (CH),
63.6 (CH,) 81.3(Cq), 127.3, 128.4, 128.9 (CHAr), 138.9 (CqAr),
172.0 (CO); Anal. Calcd. for C,(H,sNO;: C, 68.79; H, 9.02; N,
5.01. Found: C, 68.54; H, 9.16; N, 4.91%.

(2E 45)-4-(Benzyl-tert-butoxycarbonylmethyl-amino)-pent-2-
enoic acid ethyl ester 46. Following the general procedure for
the synthesis of 17-22, and starting from 45, compound 46 was
obtained as an oil.

Yield: 77%; R; = 0.58 (E-CyH = 6 : 4); [a]5 —31.8 (¢ 0.9,
CHCLy); IR (film): 2976, 2925, 1726, 1644, 1454 cm™;
ou(250 MHz, CDCl;, Me,Si): 1.11 (d, 3H, J = 6.8, Me), 1.19 (t,
3H, J = 7.1, Me), 1.34 (s, 9H, ¢-Bu), 3.12 (AB syst., 2H, J =
17.0, CH,Ph), 3.54 (dquint, 1H, J = 1.3, 6.8, CHMe), 3.70 (s,
2H,NCH,CO),4.11(quad,2H,J=7.3,CH,CH;),5.85(dd, 1H,
J=1.2,15.7,CHCO,Et), 6.84 (dd, 1H,J =6.5,15.7, CH=CH),
7.08-7.31 (m, SH, Ph); 6+(62.9 MHz, CDCl;, Me,Si): 14.3, 16.3,
28.2 (Me), 51.8, 55.2 (CH,), 56.3 (CH), 60.4 (CH,), 80.9 (Cq),
121.9 (CH), 128.1, 128.4, 128.7 (CHAr), 139.4 (CqAr), 150.4
(CH), 166.5, 171.2 (CO); Anal. Calcd. for C,yH,NO,: C, 68.14;
H, 8.41; N, 4.03. Found: C, 69.21; H, 8.59; N, 4.00%.

(28,35,45)-1-Benzyl-3-ethoxycarbonylmethyl - 4 - methyl -
azetidine-2-carboxylic acid zert-butyl ester 47. To a solution
of 45 (0.35 mmol, 121 mg) in THF (6 mL) was added, at
—78 °C, a 1 M solution of potassium fert-butylate in THF
(0.35 mL, 0.35 mmol). The mixture was warmed to —50 °C
within one hour and was hydrolyzed by addition of a saturated
aqueous solution of NH,CI. Usual workup was followed by
purification by preparative TLC (E-CyH, 6 : 4), which gave
47 as an oil (60 mg, 50%). R, = 0.52 (E-CyH = 60 : 40);





34(200 MHz, CDCly, Me,Si): 1.03 (d, 3H, J = 6.2, Me), 1.25
(t, 3H, J = 7.0, Me), 1.38 (s, 9H, ¢-Bu), 2.35-2.55 (m, 3H,
CHCH,CO,Et), 2.84 (quint, 1H, J = 7.0, CHMe), 3.17 (d, 1H,
J = 7.5, NCHCO), 3.62 (d, 1H, J = 12.7, CHHPh), 3.79 (d,
1H, J = 12.7, CHHPh), 4.10 (quad, 2H, J = 7.0, CH.CH,),
7.18-7.36 (m, 10H, Ph); 0(75.5 MHz, CDCL, Me,Si): 14.3,
20.6, 28.0 (CH,), 37.6 (CH.), 39.5 (CH), 60.5, 61.4 (CH,), 64.7,
68.1 (CH), 80.8 (Cq), 127.1, 128.1, 129.6 (CHAr), 137.4 (CqAr),
171.2, 171.4 (CO).

Molecular modeling study of azetidine analogues 36, 38, 40, 42,
44 and other selected ligands

The modeling study was performed using the software package
MOE (Molecular Operating Environment, v2004.03, Chemical
Computing Group, 2004) using the built-in mmft94 force field
and the GB/SA continuum solvent model. Each compound
was submitted to a stochastic conformational search and with
respect to its global minimum returned (AG in kcal mol™),
conformations above +7 kcal mol™' were discarded. For all
azetidine analogues, the y-carboxylate group was protonated
prior to execution of the conformational search, as this gave a
larger and thus more reliable number of output conformations.
Systematic rotation of the carboxymethyl group was carried out
in steps of 10/360° for the C(sp*)-C(sp’) bond and in steps
of 60/360° for the C(sp*)-C(sp®) bond and each conformation
energy minimized. Systematic rotation of the R group was
carried out in steps of 10/360° of the C(sp*)-C(sp®) bond
and each conformation energy minimized. Superimpositions of
amino acid ligands were carried out using the built-in function in
MOE, by fitting the ammonium group and the two carboxylate
groups.

Pharmacological characterization at iGluR and mGluR. Rat
brain membrane preparations used in the receptor binding
experiments were prepared according to the method described
by Ransom and Stec.”® Affinity for AMPA,” KAIN,”? and
NMDAZP receptor sites was determined using 5 nM [*HJAMPA,
5 nM [PH]KAIN, and 2 nM [*H]JCGP 39653 with some modifi-
cations previously described.*

Pharmacological characterization at human EAAT1-3. The
pharmacological properties of azetidine analogues at human
EAATI1, EAAT2 and EAAT3 were determined in the FLIPR®
Membrane Potential (FMP) assay. The construction of human
embryonic kidney 293 (HEK293) cell lines stably expressing
human EAATI1, EAAT2 and EAAT3 have been reported
previously, and the pharmacological characterization of the
C-4-alkyl analoges of +-CAA were performed essentially as
described here.*! Briefly, cells were split into poly-D-lysine-coated
black walled clear-bottom 96-well plates in Dulbecco’s Modified
Eagle Medium supplemented with penicillin (100 U ml™),
streptomycin (100 pg ml™"), 10% dialysed fetal bovine serum and
1 mg ml~' G-418. The medium was aspirated 16-24 h later, and
the cells were washed with 100 pL Krebs buffer [140 mM NaCl-
4.7 mM KCI-2.5 mM CaCl,-1.2 mM MgCl,—-11 mM HEPES-
10 mM p-glucose, pH 7.4]. Then 50 pL Krebs buffer were added
to each well (in the characterization of non-substrate inhibitors,
the inhibitors were added to this buffer). 50 uL. Krebs buffer
supplemented with FMP assay dye were then added to each
well, and the plate was incubated at 37 °C for 30 min. The plate
was assayed at room temperature in a NOVOstar™ plate reader
measuring emission at 560 nm caused by excitation at 530 nm
before and up to 1 min after addition of 25 uL substrate solution.
The experiments were performed in duplicate at least three times
for each compound. For the characterization of non-substrate
inhibitors, 30 uM Glu were used as substrate concentration.
Concentration—-response curves were constructed based on the
maximal responses obtained for 7 different concentrations of
each compound. IC;, values were converted to K; values by the
use of the Cheng—Prusoff equation.®
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The distribution of products obtained from stearoyl CoA A’ desaturase-mediated oxidation in Saccharomyces
cerevisiae has been measured directly for the first time using an o-fluorinated fatty acid substrate.

Desaturases catalyze the oxidation of lipidic substrates in a
variety of stereochemical and regiochemical modes.! A pro-
totypical reaction is shown in Scheme 1. Current interest in
this ubiquitous class of enzymes is high due to their important
role in a number of critical biological functions such as the
response to temperature-induced stress,> chemical signalling?
and lipogenesis.* Interestingly, in the case of membrane-bound
desaturases, hydroxylated fatty acids of unknown biological
function appear to be produced along with olefinic products.>® A
minimal mechanistic model describing the relationship between
two pathways has been formulated (Scheme 2): an initial carbon-
centred radical is generated by H-abstraction which collapses
to either olefin (B-elimination) or alcohol (hydroxyl rebound
or SH, reaction).” A more detailed mechanistic analysis is
clearly warranted and the A’ desaturase found in Saccharomyces

H (0]

Py SCoA

stearoyl CoA
H',NADH, 0,
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Scheme 1 A prototypical dehydrogenation reaction catalyzed by
stearoyl CoA A’ desaturase (CoA = Coenzyme A).
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Scheme 2 Mechanistic model for fatty acid-desaturase catalyzed
oxidation.
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cerevisiae (Baker’s yeast) would seem to be an ideal candidate
for such a study since this enzyme occurs as a single isoform
in yeast, is amenable to in vitro study® and tolerates a wide
range of substrate analogues.” In addition, this enzyme serves
as a convenient microbial model for a mammalian homologue
(SCD1); the latter has been targeted recently for inhibition
studies in the treatment of disorders associated with the
“metabolic syndrome”.® Finally, the appropriate genetic control
experiments have been conducted in yeast wherein it has been
shown that hydroxylation and desaturation are mediated by
the same enzyme.> Herein, we report on the regioselectivity
of fatty acid hydroxylation in a S. cerevisiae strain and use
of a o-fluorinated substrate to quantitate the hydroxylation :
dehydrogenation ratio directly for the first time.

A preliminary incubation experiment was performed to
examine the endogenous production of hydroxy fatty acids in
wild-type Baker’s yeast. Cultures (200 mL) of Saccharomyces
cerevisiae S522C were grown to stationary phase under a
standard set of conditions (YPED medium,” 24 h, 30 °C,
150 rpm). Centrifugation (10000 rpm) of the resultant cell
suspension yielded a cell paste (~3 g, wet weight) from which the
fatty acid methyl ester (FAME) fraction (~25 mg) was isolated
by a hydrolysis—methylation procedure as previously described.
In addition, the supernatant was acidified, extracted with
dichloromethane and the residue obtained upon evaporation
of solvent was methylated. Aliquots of the FAME extract
from the cells and from the supernatant were treated with
excess bis(trimethylsilyl)acetamide—pyridine (10 min, 40 °C) to
enhance the detectability of hydroxylated fatty acids by GC-
MS (HP 5980 Series 2 gas chromatograph (J. & W. 30 m x
0.21 mm, DB-5 capillary column) coupled to a Kratos Concept
1H mass spectrometer). While no hydroxylated fatty acid
methyl esters were detected in the supernatant extract, the
total ion current (TIC) chromatogram obtained for cellular
FAMEs did reveal the presence of the TMS derivatives of
both methyl 9-hydroxypalmitate (hexadecanoate) 1 (0.9% =+
0.1% of total fatty acids (TFA)) and methyl 9-hydroxystearate
(octadecanoate) 2 (0.3% =+ 0.1% of TFA) (Fig. 1 (a), (b)).??
1 and 2 are thought to be byproducts of A’ desaturation
of palmitoyl CoA and stearoyl CoA respectively. The struc-
tural assignments of 1-OTMS and 2-OTMS are based on the
known mass spectral fragmentation patterns of this class of
compounds (1: m/z (EI) 73 (Si(CH;);); 201 (CsH, OSi(CHs);)
and 259 ((CH,);SiOC;H,;COOMe); 2: m/z (EI) 73 (Si(CH,),);
229 (C,yHyOSi(CH;);) and 259 ((CH;);SiOCgH,;s;COOMe))."
The quantitation of hydroxylated analytes was calibrated by
measuring the response factors for authentic reference standards
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which were available from another study.”® A careful examina-
tion of the mass spectral scans through the entire GC peak of
both 1-OTMS and 2-OTMS indicated that these analytes were
consistently accompanied by ~5% of coeluting 10-hydroxylated
regioisomers (diagnostic fragment ions of the TMS derivative of
10-hydroxypalmitate: m/z: 187 and 273; diagnostic fragment
ions of the TMS derivative of 10-hydroxystearate: m/z: 215
and 273). Diagnostic ions of the TMS derivatives of 8- and
11-hydroxylated fatty acids (m/z: 215 and 245 (C16-8-OH);
173 and 287 (C16-11-OH); 243 and 245 (C18-8-OH); 201 and
287 (C18-11-OH))) could not be detected (limits of detection:
~1% of major isomer). The observed high regioselectivity of the
hydroxylation pathway is consistent with our mechanistic model
(Scheme 2) and the results of KIE studies and oxo trapping
studies which point to C-H abstraction at C-9 as the initiating
event in yeast A9 desaturase-mediated oxidation.'***
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Having established the reproducible, endogenous production
of hydroxylated fatty acids in our in vivo desaturating system,
we sought to develop a versatile means of quantitating the
hydroxylation : dehydrogenation ratio directly. This required the
use of a substrate analogue with an analytical signature which
1) is distinct from those of background endogenous lipids; 2)
reports the position of oxygenation accurately and 3) would
be amenable for use in future in vitro studies. We reasoned
that o-fluorinated fatty acids such as 3 might fulfil all of these
requirements. Thus, methyl 16-fluoro-palmitate 3 was prepared
from the corresponding, commercially available, hydroxy acid by
a methylation—fluorination sequence as previously described.'®
3 (50 mg, in 1% Tergitol NP-40 (Sigma) solution) was incubated
with actively growing cultures (200 mL) of Saccharomyces
cerevisiae S522C under conditions similar to those used in
the trial incubation (vide supra). Previous experiments have

3980

Org. Biomol. Chem., 2005, 3, 3979-3983

shown that this whole cell system efficiently incorporates fatty
acyl substrates from the medium into the intracellular CoA
thioester substrate pool'” where they are processed by the
endogenous A’ desaturase. A portion of the FAME fraction
isolated from the cells was silylated and analyzed by GC-
MS. As shown in Fig. 2, excellent incorporation (62% of total
fatty acids) of 16-fluoropalmitate 3 was achieved and 47% of 3
had been converted to the corresponding 16-fluoropalmitoleate
4. Selected ion monitoring (ions at m/z 219 (C;H,;sFOTMS)
and 259 (TMSOCH,;;COOMe)) was used initially to locate
the TMS derivative of methyl 16-fluoro-9-hydroxypalmitate 5,
which appeared as a shoulder on the peak corresponding to
methyl 18-fluorostearate—a chain elongation product of 3. The
identity of the “error” product 5 was confirmed by a comparison
with the retention time and mass spectral characteristics of
the TMS derivatives of authentic reference standards: a 1 : 1
mixture of 16-fluoro-9-hydroxypalmitate 5 and 16-fluoro-10-
hydroxypalmitate 6. The latter was obtained by the hydration
of 16-fluoropalmitoleate 4 using a well-characterized procedure
(Hg(OAc),-H,O0 : THF (1 : 1); NaBH, workup).!® The ratio of
4 : 5 in the yeast FAME extract was estimated to be 98.9 + 0.4 :
1.1 & 0.4 via integration of the relevant GC-MS peaks (average
of 3 analyses)."” This product distribution is comparable to that
observed for a model plant (Arabidopsis thaliana) A** desaturase
expressed in S. cerevisiae (99.4 : 0.6 for 12-ene : 120H product
ratio)’ but is somewhat higher than that calculated for Candida
albicans dihydroceramide A* desaturase, also expressed in S.
cerevisiae (93 : 7 for 4-ene—4-OH product ratio).®

The possibility of using “F NMR, in the trace analytical
mode,® as an alternate method of quantitating the oxidation
products derived from 3 was also explored. The 'H-decoupled
YF NMR spectrum of a portion of the FAME extract obtained
from the incubation of 3 with S. cerevisiae is shown in Fig. 3 and
features two major peaks atd —218.23 ppm (3) and —218.32 ppm
(4). The peak assignments follow from a comparison of the “F
NMR spectrum of the yeast extract with the spectrum obtained
for the substrate 3 (0 —218.23 ppm) prior to incubation. The
% desaturation of 3, calculated from the NMR peak intensities
(46%), is in good agreement with that obtained for the GC-
MS analysis (47%, vide supra). However, a signal attributable to
hydroxylation byproduct 5 was not detected in this spectrum.
That this was in all likelihood due to the overlap of "F NMR
resonances of 4 and 5 was further clarified by obtaining a
"H-decoupled "F NMR spectrum of a FAME aliquot which
had been treated with Hg(OAc),-H,O (vide supra) to convert
a portion of 4 to the regioisomeric hydration products 5
and 6 (0 —218.32 ppm and —218.36 ppm respectively (Fig. 3
(insert)). The chemical shift assignments of 5 and 6 are based
on the documented tendency of mid-chain, polar substituents
to shift a remote, terminal CH,F resonance further upfield
with decreasing substituent-fluorine distance.® This analysis
suggests that it may be possible to achieve better separation
between YF NMR signals of fluorine-tagged 9-ene and 9-
hydroxy-products by employing substrates bearing the fluoro
substituent somewhat closer to the C-9 position than is the case
for 4 and 5.

The major conclusions of this study are as follows: 1) the
highly regioselective, endogenous production of 9-hydroxylated
fatty acids in a wild-type strain of S. cerevisiae has been
quantitated using GC-MS analysis. 2) It has also been shown
that an o-fluorinated substrate can be used to monitor the
direct formation of olefinic and hydroxylated byproducts in S.
cerevisiae and a product ratio of ~99 : 1 (9-ene: 9-OH) was
obtained in vivo. 3) A combination of GC-MS and 'H-decoupled
YF NMR can potentially be used to assess extent of hydroxy
byproduct formation. The fluorine-tag methodologies presented
in this paper should greatly facilitate future in vitro protein
engineering studies designed to pinpoint which protein residues
have a critical impact on the dehydrogenation : hydroxylation
ratio.
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Fig. 1 GC-MS analysis of FAME (fatty acid methyl esters), total extract derived from S. cerevisiae cultures (a) before and (b) after silylation.
The fatty acid components are indicated as 16:0 = methyl palmitate (hexadecanoate); 16:1 = methyl palmitoleate (9(Z)-hexadecenoate); 18:0 =
methyl stearate (octadecanoate); 18:1 = methyl oleate (9(Z)-octadecenoate); 16:0-9-OTMS = methyl 9-hydroxypalmitate, trimethylsilyl (TMS)
derivative; 18:0-9-OTMS = methyl 9-hydroxystearate, trimethylsilyl (TMS) derivative.
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Fig. 2 GC-MS analysis of silylated FAME (fatty acid methyl esters), total extract derived from S. cerevisiae cultures supplied with methyl
16-fluorostearate 3. The fluorinated fatty acid components are indicated as 16F16:0 = methyl 16-fluoropalmitate 3; 16F16:1 = methyl
16-fluoropalmitoleate 4; 16F16:0-9-OTMS = the TMS derivative of methyl 16-fluoro-9-hydroxypalmitate 5. *Unidentified peaks of varying intensity
which are believed to be artifacts of the silylation procedure. ¥ Unidentified impurity accompanying substrate 3. * Chain elongation products of 3 and
4: 18F18:1 = methyl 18-fluorooleate and 18F18:0 = methyl 18-fluorostearate. Insert: SIM (selected ion monitoring) chromatogram of FAME extract
for ions at m/e 259 and m/e 219.
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Fig. 3 'H-decoupled "F NMR spectrum of FAME (fatty acid methyl esters), total extract derived from S. cerevisiae cultures supplied with
methyl 16-fluoropalmitate (16F16:0) 3. ¥ Unidentified impurity accompanying substrate 3. Insert: 'H-decoupled "F NMR spectrum of FAME after
hydration. Chemical shift assignments of 5 (methyl 16-fluoro-9-hydroxy-palmitate) and 6 (methyl 16-fluoro-10-hydroxy-palmitate) are tentative.
The difference in F chemical shifts assigned to 4 and 5 was found to be 0.008 ppm.
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A stepwise synthetic approach involving substitution of 6-chloro-1,3-dialkyluracils (5 and 6) with
3-(tert-amino)-2-hydroxypropylamines and subsequent acylation at C5 of uracil has been used to synthesize
pyrimidinediones 27-33 in 61-89% overall yield. The conformational aspects of the new molecules based upon NMR

data have been discussed.

Introduction

One major objective of organic synthesis is to design and
synthesize molecules with potential bioactivities. Multi-drug
resistance (MDR) is a major limiting factor in the develop-
ment of drug candidates. In recent years, the development of
means to control MDR has become important — even more
important than the development of new drug molecules. It
is well established that MDR comes into play due to the
over-expression of p-glycoprotein (p-gp).'* A number of MDR
modulators are being used along with the drugs which bind
competitively to p-gp and thereby inhibit the p-gp-mediated
transport of drug molecules out of the cell.’”* Propafenone (1a)
and its derivatives (1b-g), as well as its heterocyclic analogues
that have pyrazole in place of benzene'® have been extensively
explored*'>!3 for their MDR-modulating properties. Most of the
MDR modulators have appropriately placed aromatic ring(s)
and a basic tertiary nitrogen. Uracil, a unique molecule due
to its functionalities and reactivity pattern, is widespread in
natural as well as synthetic systems. The pyrimidinedione
ring constitutes the basic skeleton of a number of clinically
used drugs, many of which face the problem of multi-drug
resistant organisms. The use of uracil-based MDR modulators
can create competition between the MDR modulators and
anti-cancer drugs for binding to p-gp, reducing the level of
multi-drug resistance. The acceptability of the uracil moiety in
biological systems and the presence of a greater number of H-
binding sites in comparison to propafenone(s) prompted us to
design and synthesize pyrimidinedione-based molecules (2a-g).
These molecules could be considered as structural analogues of
propafenone (1a), formed by replacement of the benzene moiety
and the ethereal oxygen of propafenone with pyrimidinedione
and NH respectively (Scheme 1).

Results and discussion

Herein we present the syntheses of the new designed pyrimidine-
2,4-dione derivatives 2a—g. The conformational features of some
of the molecules have been described on the basis of coupling
constants of various protons in the "H NMR spectra, and NOE
experiments.

A direct approach for the syntheses of compounds 2a-g by the
reaction of epichlorohydrin with 1,3-dimethyl-6-aminouracil (3)

1 Electronic supplementary information (ESI) available: 'H NMR
spectra of 12 and 18. See DOI: 10.1039/b509775d

w
O
o | DOI:10.1039/b509775d
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a, R = CHj, R|=Ph, R, = 4-morpholinyl

b, R = CH;, R;=Ph, R, = 1-piperidinyl

¢, R = CHj3, R|=Ph, R, = 1-pyrrolidinyl

d, R = CH,Ph, R;=Ph, R, = 4-morpholinyl

e, R = CH,Ph, R|=Ph, R, = 1-piperidinyl

f, R = CH,Ph, R{=Ph, R, = I-pyrrolidinyl

g, R= CHj3, R;=CH,CH,Ph, Ry=4-morpholinyl

Scheme 1

in DMF using K,CO; as base gave a solid compound [M*
m/z 191], in 40% yield (lit.* 14%), mp 163-64 °C (lit."> mp
164-165 °C), which was identified as 1,3-dimethylpyrido[2,3-
d]pyrimidin-2,4-dione (4) by comparison with reported data
(Scheme 2). This is probably a result of epichlorohydrin reacting
at C5 of the uracil followed by epoxide ring-opening by the
6-NH, group and oxidation/dehydrogenation.

@] [¢] (0]
(0]
HC. AR HC. HC N
)\ | + _— )\ | — )\ I P
O II\I NH, O I?I NH, (6] I‘\I N
CH, CH, CH,
3 4

Scheme 2

In another synthetic approach, 6-amino-5-benzoyl-1,3-
dimethyluracil'® failed to react with epichlorohydrin under
various reaction conditions, using e.g. K,COs, potassium fert-
butoxide, triethylamine, NaH and NaOH as bases in CH;CN,
DMF and methanol.

Therefore, an alternative approach was followed, whereby
1,3-dialkyl-6-chlorouracils (5, 6) were made to react with
hydroxy amines 7.'"** 6-Chloro-1,3-dimethyluracil (5) (10 mmol)
on refluxing with 3-morpholino-2-hydroxypropylamine (7a)
(10 mmol) in absolute ethanol in the presence of Na,CO; gave
8 as yellow oil (87%), [M* + 1, m/z 299] (Scheme 3). In the
"H NMR spectrum of 8, most of the protons are magnetically
non-equivalent and the spectrum shows a 4H multiplet at  2.43—
2.48, a 2H multiplet at J 2.63, two 1H double double doublets
at 0 3.00 and 3.21, two 3H singlets at 0 3.29 and 3.40, a broad
1H signal (exchangeable with D,0) at ¢ 3.35, a 4H multiplet at

This journal is © The Royal Society of Chemistry 2005
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Scheme 3

0 3.72, a 1H multiplet at 6 4.0, a singlet at 6 4.81 and a broad 1H
triplet (exchangeable with D,0) at 6 5.21. The assignments of
these signals to specific protons have been made on the basis of
coupling constants of various signals, their decouplings, NOE
and 'H-"C HETCOR NMR experiments. Decoupling of the
multiplet at & 4.0 converts the two double double doublets to
their respective double doublets, and the most upfield signal at ¢
2.44 is converted to a singlet, which shows that the 1H multiplet
at 0 4.0 belongs to Hy and that the 4H multiplet at § 2.43-2.48
contains the 2 C10 protons (Fig. 1a). On D,O exchange, the
signal at ¢ 5.21 disappears and the two double double doublets
are converted to two double doublets. This indicates that the
exchangeable signal atd 5.21 belongs to NH (H, ) and two double
double doublets at 6 3.00 and 3.21 belong to the H. and H,
protons at C8, and that the appearance of the double double
doublets is due to geminal coupling and two vicinal couplings
with the CH and NH protons. Decoupling of the 4H signal at &
3.72 transforms the left part of the multiplet at 6 2.43-2.48 to a
singlet. This shows that the 4H multiplet at § 2.43-2.48 contains
the two protons at C12/C16 and that the signal atJ 3.72 belongs
to the 4 protons at C13 and C15. These assignments have also
been confirmed by the '"H-"*C HETCOR NMR spectrum. The
other two protons of C12/C16 appear at 0 2.63 as a multiplet.
The observation of an NOE between H,; and the multiplet signal
at 0 2.63 indicates that the equatorial protons of the C12/C16
carbons appear at d 2.63, while the axial protons of C12/C16
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Fig.1 a) NMR spectral assignment and relative configurations at NH,
C8 and C9 of 8. b) Energy-minimized structure of 8.'

appear at d 2.43 (the energy-minimized structure of 8 also shows
that Hy and the equatorial proton of C16 are in close proximity).
The geminal coupling constant of each proton of the ddd (J, 1)
is 12.6 Hz. The proton at ¢ 3.21 (H,) shows a coupling of 3.6 Hz
with Hy and a coupling of 3.9 Hz with NH (H,) proton. The
proton at 6 3.00 (H,.) shows a 6.9 Hz coupling with H, and
a coupling of 6.6 Hz with the NH (H,) proton. On the basis
of the dependence of coupling constant on dihedral angle, it
is predicted that H,, H,, and H, are syn to each other, while
the proton H, is anti to the H, and H, protons. Based upon
these NMR investigations, configurations of the chiral carbon
center present in compound 8 have been shown in Fig. la ; its
energy-minimized structure (Fig. 1b) also corresponds to the
structure predicted from the NMR data. It seems that the part
of the substituent at C6 near to the uracil ring i.e., the NH-C8—
C9 fragment, shows slow conformational changes on the NMR
scale, while the distal part of the chain (C10 and the morpholine
moiety) is flexible.

In similar reactions, the 6-chloro-1,3-dialkyluracils 5 and 6,
on reaction with appropriately synthesized amino alcohols 7a—
¢, provide respective uracil derivatives 9-13 in 76-84% yields
(Scheme 3). The "TH NMR spectra of 9-13 show similar coupling
features to those for 8. In compounds 11-13, the benzylic
protons at N1 and N3 appear as doublets with a strong geminal
coupling constant of 15 Hz.

Heating of a mixture of 8 and benzoic anhydride (2 equiv.)
in a microwave oven for 3 minutes, after work-up and column
chromatography, gave a yellow oil in 95% yield, [M* + 1 m/z
403], which contained a benzoyl group. The downfield shift of
the H, proton to ¢ 5.42 (presence of the electron-withdrawing
group on C9), the absence of an exchangeable (OH) proton in
the region 0 3-4, and the appearance of an ester absorption
peak at 1709 cm™" in the IR spectrum support the formation of
compound 14. (Scheme 4).
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15, R = CHj, R; = I-piperidinyl 91% 88% 75%
16, R=CHj, R, = I-pyrrolidinyl ~ 90% 88% 73%
17, R=CH,Ph, R;=4-morpholinyl 82% 81% 70%
18, R=CH,Ph, R; = I-piperidinyl ~ 80% 80% 72%
19, R=CH,Ph, Ry = I-pyrrolidinyl 79% 75% 70%

Scheme 4

The chemical shifts to all the protons of 14 have been assigned
on the basis of decoupling, NOE and '"H-*C HETCOR NMR
experiments. The C8 protons appear as double double doublets
at 0 3.41 and 3.53 (Fig. 2) as in compound 8. In contrast
to compound 8, the C10 protons appear as a doublet at J
2.77, not overlapping with the C12/C16 protons. Similarly,

-
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Fig. 2 NMR spectral assignment of 14.
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compounds 9-13 on treatment with benzoic anhydride under
microwave irradiation provide compounds 15-19 in excellent
yield (Scheme 4).

In order to get C5-benzoylated products, alternative reaction
conditions were tried. Treatment of 8 with benzoyl chloride in
chloroform/Na,CO; or dioxan/Ca(OH), gave compound 14 in
92% and 81% yields respectively; no C5-benzoylated product
was formed. Compounds 9-13 also undergo a similar type of
reaction to give the respective compounds 15-19 (Scheme 4,
conditions b and c). Therefore, under all the reaction conditions
shown in Scheme 4, compounds 8-13 underwent regioselective
benzoylation at OH. However, on treatment with benzoyl
chloride in pyridine, 8 gave an oily product [M* + 1 m/z
507]. The mass difference of 208 units from 8 indicated that
two benzoyl groups had been introduced. The conspicuous
absence of the C5 proton in the é 4-5 region of the '"H NMR
spectrum indicated the formation of compound 20 (Scheme 5).
The downfield shifting of NH protons to d 9.6 in compound 20
must be due to strong intramolecular H-bonding with the C=0
group at C5.
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(62%)
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N

CH,4 H o) 24, R = CH,Ph, R = 1-piperidinyl ~ (65%)
T o= 25, R = CH,Ph, R; = I-pyrrolidinyl (62%)
o)
26 (60%)

Scheme 5

Similarly, refluxing of 9-13 with benzoyl chloride in pyridine
gave the compounds 21-25, respectively (Scheme 5). Compound
8 also underwent diacylation with 3-phenylpropionyl chloride in
pyridine to gave compound 26 in 60% yield, [M* + 1 m/z 563]
(Scheme 95).

In order to achieve the target 5-benzoylated-6-substituted
uracils, the hydrolysis of compounds 20-26 was carried out.
On treatment with 2 N NaOH, compound 20 gave a yellowish
oil [M* 4 1 m/z 403]. The molecular mass is 104 units less than
20, which clearly indicates the removal of one benzoyl group. Its
"H NMR spectrum shows an exchangeable broad 1H triplet at o
9.50, another exchangeable proton at d 2.79, and the absence of
the CS5 proton in the ¢ 4-5 region, along with the other signals.
The Hy proton appears at § 3.91 (similar to the H, proton of
8). Based upon NMR spectral data, formation of compound 27
was confirmed (Scheme 6). The downfield shift of NH proton to
0 9.50 is due to strong intramolecular H-bonding with the C=0
group at C5.

The energy-minimized structure of 27 shows the close prox-
imity of the NH proton to the carbonyl oxygen at C5 (1.85 A)
(Fig. 3b). The chemical shifts and splitting pattern of the protons
of 27 are shown in Fig. 3a. Similarly, the hydrolysis of 21-26 gave
compounds 28-33 respectively (Scheme 6).

Conclusion

A stepwise synthesis leads to the formation of 5-benzoyl-6-
substituted pyrimidin-2,4-diones in moderate to high yields.
The target of introducing acyl and hydroxy amine groups
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Fig. 3 a) 'H NMR spectral assignments of various protons in 27.
The chemical shifts and splitting pattern are given in parentheses. b)
Energy-minimized structure of 27.

on adjacent carbons of uracil, similar to the groups present
on adjacent carbons of benzene in propafenone, has been
achieved.

Experimental
General

All melting points are uncorrected. Column chromatography
was carried out using silica gel (60120 mesh). All eluents were
distilled prior to use. The '"H NMR spectra were recorded on
Bruker 300 MHz and JEOL JNM 300 MHz NMR spectrome-
ters, and ®C NMR spectra at 75 MHz on the same spectrometers
in deuterated chloroform; chemical shifts are quoted in ppm
against tetramethylsilane, and coupling constants in Hertz.
In ®C NMR spectral data, +ve signals correspond to CH,





and CH carbons and —ve signals correspond to CH, carbons
in the DEPT-135 NMR spectrum. The FAB mass spectra
were recorded on a JEOL SX 102/DA-6000 Mass Spectrom-
eter/Data System using argon/xenon (6 kV, 10 mA) as the FAB
gas. Infrared spectra were recorded on an FTIR Shimadzu 8400
spectrometer on a thin dispersed film (from chloroform).

6-(2-Hydroxy-3-morpholin-4-ylpropylamino)-1,3-dimethyl-1 H-
pyrimidin-2,4-dione (8)

A solution of 6-chloro-1,3-dimethyluracil (1.745 g, 10 mmol),
3-morpholino-2-hydroxypropylamine (1.47 g, 10 mmol) and
sodium carbonate (1.06 g, 10 mmol) in absolute ethanol (10 ml)
was refluxed. After 7-10 h of refluxing, the reaction mixture was
filtered while hot and concentrated under vacuum. The residue
was purified by column chromatography using CHCl;-MeOH
(7 : 3) as eluent, giving rise to 8 (2.25 g, 87%) as a yellowish
oil. (Found: C, 52.51; H, 7.55; N, 18.65. C;;H,,N,O, requires C,
52.34; H,7.43; N, 18.78%); Vs (CHCL;)/cm™": 3200 (NH), 1613,
1692 (C=0);04(300 MHz, CDCl;, Me,Si) 2.44 (2H, m, C10-H,),
2.46 (2H, m, C12-H,/C16-H,), 2.63 (2H, m, C12-H,/C16-H,),
3.00 (1H, ddd, *Jy. u, = 12.6 Hz, *Jy u, = 7.0 Hz, *Jy u, =
6.6 Hz, H.), 3.21 (1H, ddd, *Jy, u, = 12.6 Hz, *Jy, u, = 3.9 Hz,
*Ju, g = 3.6 Hz, H,), 3.29 (3H, s, NCH.), 3.35 (1H, bs, OH,
exchanges with D,0), 3.40 (3H, s, NCH,), 3.72 (4H, m, C13-
H,, C15-H,), 4.00 (1H, m, H,), 4.81 (1H, s, C5-H), 5.21 (1H,
t, J = 4.2 Hz, H,, exchanges with D,0); 6.(75.4 MHz, CDCl,,
Me,Si): 27.8 (+ve, NCH;), 28.7 (+ve, NCH;), 46.8 (—ve, C8),
53.8 (—ve, C12,16), 62.0 (—ve, C10), 63.9 (4+ve, C9-H), 66.8 (—ve,
C13,15), 75.8 (+ve, C5), 151.8 (C2), 153.2 (C6), 163.1 (C4); 'H-
BC HETCOR: The "H NMR signal at ¢ 2.43-2.48 corresponds
to the two carbon signals at d 53.8 (C12,16) and 62.0 (C10). The
"H NMR signal at J 2.63 also corresponds to the carbon signal
atod 53.8 (C12, C16). The 2 x ddd at d 3.00 and 3.21 correspond
to one carbon at d 46.8 (C8). NOE: irradiation of the 1H signal
at 0 5.21 shows an NOE between N1-CH; and H,. Irradiation
of the 1H signal at 6 4.00 shows an NOE between the protons
ato 5.21 and 2.63; m/z (FAB) 299 (M* + 1).

6-(2-Hydroxy-3-piperidin-1-ylpropylamino)-1,3-dimethyl-1H-
pyrimidin-2,4-dione (9)

According to the preparation of 8, 9 was obtained from 5
(1.745 g, 10 mmol) as a yellowish oil. Yield: 2.15 g, 84%; (Found:
C, 56.71; H, 7.95; N, 18.72. C,,H,,N,O; requires C, 56.74; H,
8.16; N, 18.90%); Vmex (CHCl3)/cm™': 3220 (NH), 1632, 1692
(C=0); §,4(300 MHz, CDCl;, Me,Si) 1.46 (2H, m, C14-H,),
1.57 (4H, m, C13-H,, C15-H,), 2.36 (2H, m, C12-H,/C16-H,),
2.38 (2H, d, *J = 6 Hz, C10-H,), 2.57 (2H, m, C12-H,/C16-
H.,),3.00 (1H, dt, *Jy. s, = 12.6 Hz, *Jyy, yy = 6.3 Hz, *Jyy. 1y, =
4.2 Hz, H,), 3.16 (1H, dt, *Jy, n, = 12.6 Hz, *Jy n, = 4.2 Hz,
i, = 4.2 Hz, Hy), 3.29 3H, s, NCH3), 3.40 (3H, s, NCH,),
3.50 (1H, bs, OH, exchanges with D,0), 3.98 (1H, m, H,),
4.81 (1H, s, C5-H), 5.44 (1H, t, J = 4.2 Hz, H,, exchanges
with D,0); d.(75.4 MHz, CDCl,, Me,Si): 24.0 (—ve, C14), 26.0
(—ve, C13,15), 27.8 (+ve, NCH,), 28.7 (+ve, NCH;), 47.2 (—ve,
C8), 54.9 (—ve, C12,16), 62.4 (—ve, C10), 63.9 (+ve, C9), 75.7
(+ve, C5), 151.9 (C2), 153.3 (C6), 163.1(C4); m/z (FAB) 297
M* +1).

6-(2-Hydroxy-3-pyrrolidin-1-ylpropylamino)-1,3-dimethyl-1 H-
pyrimidin-2,4-dione (10)

According to the preparation of 8, 10 was obtained from 5
(1.745 g, 10 mmol) as a yellowish oil. Yield: 2.05 g, 84%; (Found:
C, 55.43; H, 7.75; N, 19.75. C;;H»,N,O; requires C, 55.30; H,
7.85; N, 19.84%); vy (CHCL;)/cm™': 3200 (NH), 1613, 1692
(C=0);0x(300 MHz, CDCl;, Me,Si) 1.81 (4H, m, C13-H,, C14-
H,), 2.56 (1H, dd, *J = 12.3 Hz, °J = 4.8 Hz, C10-H), 2.61 (2H,
m, C12-H,/Cl15-H,), 2.77-2.84 (3H, m, 2H of C12-H,/C15-
H,, 1H of C10), 3.11 (1H, ddd, *Jy n, = 12.3 Hz, *Jy .y =
4.8 Hz, *Jy.u, = 4.2 Hz, H,), 3.19 (1H, dt, *Jy, . = 12.3 Hz,

W, g =4.8Hz, *Jy, u, =4.5Hz, H,), 3.30 (3H, s, NCHj;), 3.35
(1H, bs, OH, exchanges with D,0O), 3.37 (3H, s, NCH;), 4.01
(1H, m, Hy), 4.81 (1H, s, C5-H), 5.98 (1H, bs, H,, exchanges
with D,0); d¢(75.4 MHz, CDCl;, Me,Si): 23.6 (—ve, Cy3.14), 27.8
(+ve, NCH,), 28.6 (+ve, NCH,), 47.7 (—ve, C8), 54.4 (—ve,
Cl12,15), 60.0 (—ve, C10), 65.5 (+ve, C9), 75.4 (+ve, C5), 151.9
(C2), 153.3 (C6), 163.2 (C4); 'H-"*C HETCOR: The 2 x ddd
at 6 3.11 and 3.19 belong to one carbon at ¢ 47.7. The carbon
signal at 0 54.4 corresponds to two proton signals: a multiplet at
0 2.61 and part of a multiplet at § 2.77-2.84. The carbon signal
at 0 60.0 corresponds to two proton signals, a dd at 6 2.56 and
part of multiplet at 6 2.77-2.84; m/z (FAB) 283 (M* + 1).

1,3-Dibenzyl-6-(2-hydroxy-3-morpholin-4-ylpropylamino)-1H-
pyrimidin-2,4-dione (11)

According to the preparation of 8, 11 was obtained from 6
(3.105 g, 10 mmol) as a yellowish oil. Yield: 3.4 g, 78%; (Found:
C, 66.60; H, 6.75; N, 12.45. C,sH3N,O, requires C, 66.65; H,
6.71; N, 12.44%); vy (CHCL;)/cm™': 3378 (NH), 1627, 1691
(C=0);04(300 MHz, CDCl;, Me,Si) 2.09 (1H, dd, *J = 12.6 Hz,
3J =10.2 Hz, C10-H), 2.21 (1H, dd, *J = 12.6 Hz, *J = 3.9 Hz,
C10-H), 2.29 (2H, m, C12-H,, C16-H,), 2.55 (2H, m, C12-H,,
Cl6-H,), 2.81 (1H, dt, °J = 12.6 Hz, °J = 5.4 Hz, H,), 3.12
(1H, dt, 2J = 12.6 Hz, °J = 5.7 Hz, H,), 3.67 (4H, m, C13-
H,, C15-H,), 3.82 (1H, m, H,), 4.82 (1H, s, C5-H), 4.93 (1H,
d, J = 16.6 Hz, PhCH,), 5.15 (1H, d, J = 14.0 Hz, PhCH,),
5.18 (1H, d, J = 14.0 Hz, PhCH,), 5.37 (1H, d, J = 16.6 Hz,
PhCH,), 7.24-7.48 (10H, m, 2 x Ph); 6.(75.4 MHz, CDCl;,
Me,Si): 44.3 (—ve, PhCH,), 45.7 (—ve, C8), 46.0 (—ve, PhCH,),
53.5 (—ve, C12,16), 61.2 (—ve, C10), 63.6 (+ve, C9), 66.8 (—ve,
C13,15),76.3 (+ve, C5), 126.6 (+ve, ArCH), 127.3 (+ve, ArCH),
128.2 (+ve, ArCH), 128.3 (+ve, ArCH), 128.6 (+ve, ArCH),
129.2 (-ve, ArCH), 135.1 (ArC), 137.6 (ArC), 152.2 (C2), 153.0
(C6), 162.6 (C4); 'H-C HETCOR: 2 x dd at ¢ 2.09 and 2.21
correspond to carbon signal at J 61.2, two multiplets at 0 2.29
and 2.55 belong to carbon signal at 6 53.5,2 x dt at¢ 2.81 and
3.12 correspond to carbon signal at § 45.7, two doublets at o
4.93 and 5.37 belong to carbon signal at 0 46.0 and two doublets
atod 5.15 and 5.18 belong to carbon signal at ¢ 44.3; m/z (FAB)
451 M+ + 1).

1,3-Dibenzyl-6-(2-hydroxy-3-piperidin-1-ylpropylamino)-1H-
pyrimidin-2,4-dione (12)

According to the preparation of 8, 12 was obtained from 6
(3.105 g, 10 mmol) as a yellowish oil. Yield: 3.3 g, 77%; (Found:
C, 69.52; H, 7.15; N, 12.44. C,xH3;,N,O; requires C, 69.62; H,
7.19; N, 12.49%); v (CHCL;)/cm™': 3296 (NH), 1635, 1689
(C=0); 0x(300 MHz, CDCl;, Me,Si): 1.43 (2H, m, Cl14-H,),
1.54 (4H, m, C13-H,, C15-H,), 2.08 (1H, dd,*J = 12.3 Hz,*J =
9.9 Hz, C10-H), 2.18 (1H, dd,*J = 12.6 Hz,*J = 3.9 Hz, C10-H),
2.23 (2H, m, C12-H,/Cl16-H,), 2.50 (2H, m, C12-H,/C16-H,),
2.80 (1H, dt, *J = 12.6 Hz, *J = 5.4 Hz, H,), 3.10 (1H, dt,*J =
12.0 Hz, *J = 4.2 Hz, H,), 3.82 (1H, m, H,), 4.82 (1H, s, C5-H),
493 (1H, d, J = 16.5 Hz, PhCH,), 5.15 (1H, d, J = 14.1 Hz,
PhCH,), 5.18 (1H, d, J = 14.1 Hz, PhCH,), 535 (1H, d, J =
16.5 Hz, PhCH,), 7.25-7.46 (10H, m, 2 x Ph); 0.(75.4 MHz,
CDCl;, Me,Si): 23.9 (—ve, Cl14), 25.7 (—ve, C13,15), 44.3 (—ve,
PhCH,), 45.9 (—ve, C8), 46.0 (—ve, PhCH,), 54.6 (—ve, C12,16),
61.3 (—ve, C10), 63.6 (+ve, C9), 76.1 (+ve, C5), 126.6 (+ve,
ArCH), 127.2 (+ve, ArCH), 128.2 (+ve, ArCH), 128.3 (+ve,
ArCH), 128.5 (4+ve, ArCH), 129.2 (+ve, ArCH), 135.1 (ArC),
137.7 (ArC), 152.2 (C2), 153.2 (C6), 162.8 (C4); m/z (FAB) 449
M* +1).

1,3-Dibenzyl-6-(2-hydroxy-3-pyrrolidin-1-yl-propylamino)-1H-
pyrimidin-2,4-dione (13)

According to the preparation of 8, 13 was obtained from 6
(3.105 g, 10 mmol) as a yellowish oil. Yield: 3.2 g, 76%; (Found:
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C, 69.01; H, 7.05; N, 12.85. C,sH;3N,O; requires C, 69.10; H,
6.96; N, 12.89%); Vimex (CHCILy)/cm™': 3016 (NH), 1627, 1689
(C=0); 64(300 MHz, CDCl;, Me,Si): 1.93 (4H, m, C13-H,,
Cl4-H,), 2.34 (1H, dd, *J = 12.0 Hz, *J = 2.4 Hz, C10-H), 2.48
(1H, dd,?J = 11.4 Hz, *J = 3.9 Hz, C10-H), 2.54 2H, m, C12-
H,/C15-H,), 2.64 (2H, m, C12-H,/C15-H,), 2.92 (1H, m, H,),
3.07(1H, m, Hy), 3.87 (1H, m, H,), 4.82 (1H, s, C5-H), 4.97 (1H,
d,J =16.4Hz, PhCH,),5.09 (1H, d, J = 14.0 Hz, PhCH,), 5.13
(1H,d, J=16.4Hz, PhCH,), 5.33 (1H, d, J = 14.0 Hz, PhCH,),
5.62 (1H, bs, H,), 7.21-7.54 (10H, m, 2 x Ph); 6.(75.4 MHz,
CDCl;, Me,Si): 23.0 (—ve, Cy3,4), 44.3 (—ve, PhCH,), 45.4 (—ve,
C8), 45.7 (—ve, PhCH,), 54.6 (—ve, C12,15), 58.3 (—ve, C10),
64.5 (+ve, C9), 75.6 (+ve, C5), 126.0 (+ve, ArCH), 127.2 (+ve,
ArCH), 127.7 (+ve, ArCH), 128.0 (4+ve, ArCH), 128.3 (+ve,
ArCH), 128.8 (+ve, ArCH), 135.4 (ArC), 137.5 (ArC), 152.0
(C2), 153.1 (C6), 163.2 (C4); m/z (FAB) 435 (M* + 1).

Benzoic acid 2-(1,3-dimethyl-2,6-dioxo-1,2,3,6-
tetrahydropyrimidin-4-ylamino)-1-(morpholin-4-
ylmethyl)ethyl ester (14)

Compound 8 (2.98 g, 10 mmol), on mixing with benzoic
anhydride (4.52 g, 20 mmol) was heated in a microwave oven for
3 min. After stirring with a saturated solution of NaHCO;, the
reaction mixture was extracted with CHCI;. Removal of CHCl,
left a thick liquid which was purified by column chromatography
using chloroform-methanol (8 : 2) as ecluents, to give 14
(3.8 g, 95%) as a yellowish oil. (Found: C, 59.60; H, 6.55; N,
13.95. C,H,xN,O5 requires C, 59.69; H, 6.51; N, 13.92%); vy«
(CHCl3)/cm™": 3438 (NH), 1709, 1672 (C=0); 64(300 MHz,
CDCl;, Me,Si): 2.62 (4H, m, C12-H,, C16-H,),2.77 2H, d, J =
6.0 Hz, C10-H,), 3.30 (3H, s, NCH;), 3.40 (3H, s, NCH;), 3.40
(1H, merged with NCH;, H,), 3.53 (1H, dt,>J = 12.9 Hz, *J =
4.2 Hz, H,, on D,0 exchange it becomes a dd with coupling
constants of 12.9 and 4.2 Hz), 3.72 (4H, t, J = 4.8 Hz, C13-H,,
C15-H,), 4.88 (1H, s, C5-H), 5.42 (1H, m, Hy), 6.06 (1H, bt,
J = 5.4 Hz, H,), 7.47-8.01 (5H, m, Ph); 6-(75.4 MHz, CDCl,,
Me,Si): 27.7 (+ve, NCH,), 28.9 (+ve, NCH,), 47.3 (—ve, C8),
54.4 (—ve, C12,16), 60.8 (—ve, C10), 66.8 (—ve, C13,15), 69.9
(4+ve, C9),75.6 (+ve, C5), 128.7 (+ve, ArCH), 129.0 (ArC), 129.8
(+ve, ArCH), 133.9 (+ve, ArCH), 151.9 (C2), 152.8 (C6), 163.0
(C4), 167.3 (C=0); '"H-"*C HETCOR: The '"H NMR signal at J
3.40 corresponds to two carbon signals at 6 28.9 and 47.3, and
the 1H signal at ¢ 3.53 also corresponds to a carbon signal at o
47.3. NOE: irradiation of the 1H signal at é 6.06 shows an NOE
between N1-CH; and Hy; m/z (FAB) 403 (M* + 1).

Alternative procedures

(1) A mixture of 8 (2.98 g, 10 mmol), benzoyl chloride (1.405 g,
10 mmol) and sodium carbonate (1.06 g, 10 mmol) in 10 ml of
chloroform was refluxed for 5 h. After cooling and filtration,
the solvent was removed under vacuum and the crude residue
was purified by column chromatography using chloroform—
methanol as eluent.

(ii) A mixture of 8 (10 mmol), benzoyl chloride (10 mmol)
and Ca(OH), in dioxan was refluxed until the completion of
the reaction (TLC). After filtration, the solvent was removed
under vacuum and the crude residue was purified by column
chromatography using chloroform-methanol as eluent.

Benzoic acid 2-(1,3-dimethyl-2,6-dioxo-1,2,3,6-tetrahydro-
pyrimidin-4-ylamino)-1-(piperidin-1-ylmethyl)ethyl ester (15).
According to the preparation of 14, 15 was obtained from 9
(2.96 g, 10 mmol) as a white solid. Yield: 3.7 g, 91%; mp 202—
204 °C; (Found: C, 62.99; H, 7.10; N, 13.92. C,,H;sN,O, requires
C,62.98; H, 7.05; N, 13.99%); vn.x (KBr)/cm™': 3218 (NH), 1710,
1699 (C=0); 0x4(300 MHz, CDCl;, Me,Si): 1.77 (2H, m, C14-
H,), 2.49 (4H, m, C13-H,, C15-H,), 3.00 (2H, m, C12-H,/C16-
H,), 3.38 (2H, m, C12-H,/C16-H,), 3.07 (3H, s, NCH,), 3.24
(3H, s, NCH,), 3.46 (2H, dd, *J = 9.6 Hz, *J = 6.0 Hz, C8-H,),
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3.56 (2H, dd, *J = 9.2 Hz, *J = 6.2 Hz, C10-H,), 5.07 (1H, s,
C5-H), 5.57(1H, m, H,), 7.16 (1H, bt, J = 6.0 Hz, H,), 7.53-8.03
(5H, m, Ph); 65(30.4 MHz, CDCl;): 117.4 (N1), 142.9 (N3), 73.8
(N7), 50.7 (N11); 0¢(75.4 MHz, CDCl;, Me,Si): 21.0 —ve, C14),
22.1 (—ve, C13,15), 27.1 (+ve, NCH,), 29.5 (+ve, NCHj;), 42.9
(—ve, C8), 53.1 (—ve, C12,16), 56.2 (—ve, C10), 66.8 (+ve, C9),
74.2 (+ve, C5), 128.6 (+ve, ArCH), 129.2 (ArC), 129.6 (+ve,
ArCH), 133.6 (+ve, ArCH), 151.4 (C2), 153.1 (C6), 161.6 (C4),
165.2 (C=0); m/z (FAB) 401 (M* + 1).

Benzoic acid 2-(1,3-dimethyl-2,6-dioxo-1,2,3,6-tetrahydro-
pyrimidin-4-ylamino)-1-(pyrrolidin-1-ylmethyl)ethyl ester (16).
According to the preparation of 14, 16 was obtained from 10
(2.82 g, 10 mmol) as a white solid. Yield: 4.45 g, 90%; mp 180—
82 °C; (Found: C, 62.12; H, 6.80; N, 14.55. C,)H,;N,O, requires
C, 62.16; H, 6.78; N, 14.50%); vy, (KBr)/cm™': 3288 (NH),
1720, 1662 (C=0); d4(300 MHz, CDCl;, Me,Si): 1.91 (4H, m,
C13-H,, C14-H,), 3.07 (3H, s, NCH,;), 3.22 (4H, m, C12-H,,
C15-H,), 3.23 (3H, s, NCH;), 3.48 (2H, dd, *J = 8.4 Hz,*J =
6.0 Hz, C8-H,), 3.59 (2H, dd, *J = 6.0 Hz, °J = 4.2 Hz, C10-
H,), 5.04 (1H, s, C5-H), 5.54 (1H, m, Hy), 7.15 (1H, t, J =
6.0 Hz, H,), 7.50-8.05 (5H, m, Ph); 1D TOCSY: irradiation of
the multiplet at 6 5.54 (H,) shows signals at ¢ 3.48 (C8-H,), 3.58
(C10-H,) and 7.15 (NH) indicating that these protons are part
of a one-spin system; d-(75.4 MHz, CDCl;, Me,Si): 22.6 (—ve,
Cis14), 27.1 (+ve, NCH;), 29.5 (+ve, NCH;), 42.8 (—ve, C8),
54.2 (—ve, C12,15), 54.3 (—ve, C10), 67.9 (+ve, C9), 74.1 (+ve,
C5), 128.6 (+ve, ArCH), 129.2 (ArC), 129.7 (+ve, ArCH), 133.6
(+ve, ArCH), 151.4 (C2), 153.1 (C6), 161.6 (C4), 165.2 (C=0);
m/z (FAB) 387 (M* + 1).

Benzoic acid 2-(1,3-dibenzyl-2,6-dioxo-1,2,3,6-tetrahydro-
pyrimidin-4-ylamino)-1-(morpholin-4-ylmethyl)ethyl ester (17).
According to the preparation of 14, 17 was obtained from 11
(4.50 g, 10 mmol) as a yellowish oil. Yield: 4.5 g, 82%; (Found:
C, 69.32; H, 6.15; N, 10.15. C;,H34N,O; requires C, 69.30; H,
6.18; N, 10.10%); Ve (CHCIL;)/cm~': 3300 (NH), 1710, 1629
(C=0);04(300 MHz, CDCl;, Me,Si): 2.47 (2H, m, C12-H, C16-
H), 2.50 (2H, d, J = 7.2 Hz, C10-H and C12-H/Cl16-H), 2.57
(2H, d, J = 5.4 Hz, C10-H and C12-H/C16-H), 3.29 (1H, ddd,
*Juen, = 13.2 Hz, *Ju ny = 5.1 Hz, *Jy.u, = 3.3 Hz, H,),
3.44 (1H, ddd, *Ju, n. = 13.2 Hz, *Jy, s = 4.2 Hz, Iy, =
3.6 Hz, H,), 3.61 (4H, t, J = 4.5 Hz, C13-H,, CI15-H,), 4.97
(IH, s, C5-H), 5.11 (2H, d, J = 16.8 Hz, N1-CH,Ph), 5.15
(2H, s, N3-CH,Ph), 5.26 (1H, m, C9-H,), 7.15-7.46 (15H, m,
3 x Ph); 0(75.4 MHz, CDCl;, Me,Si): 44.2 (—ve, PhCH,), 45.8
(—ve, PhCH,), 45.9 (—ve, C8), 54.2 (—ve, C12,16), 59.6 (—ve,
C10), 66.7 (—ve, C13,15), 69.9 (+ve, C9), 76.5 (+ve, C5), 126.0
(+ve, ArCH), 127.2 (+ve, ArCH), 128.0 (+ve, ArCH), 128.3
(+ve, ArCH), 128.5 (+ve, ArCH), 128.6 (+ve, ArCH), 129.1
(+ve, ArCH), 129.2 (ArC), 134.8 (ArC), 137.6 (ArC), 152.0
(C2), 152.8 (C6), 162.6 (C4), 166.5 (C=0); 'H-*C HETCOR:
The carbon signal at 6 54.2 shows cross-peaks with three proton
signals at ¢ 2.47, 2.50 and 2.57, and the carbon signal at § 59.6
also shows a cross-peak with the proton signals at ¢ 2.50 and
2.57. The 2 x ddd at ¢ 3.29 and 3.44 show cross-peaks with the
carbon signal at 6 45.9. The 'H NMR signals at § 5.11 and 5.15
correspond to the carbon signals at § 45.8 and 44.2 respectively;
m/z (FAB) 555 (M* + 1).

Benzoic acid 2-(1,3-dibenzyl-2,6-dioxo-1,2,3,6-tetrahydro-
pyrimidin-4-ylamino)-1-(piperidin-1-ylmethyl)ethyl ester (18).
According to the preparation of 14, 18 was obtained from 12
(4.48 g, 10 mmol) as a yellowish oil. Yield: 4.4 g, 80%; (Found: C,
71.75; H, 6.50; N, 10.15. C;;H;N,O, requires C, 71.72; H, 6.57;
N, 10.14%); Vo (CHClL;)/cm™': 3033 (NH), 1715, 1631 (C=0);
ou(300 MHz, CDCl;, Me,Si): 1.37 (2H, m, C14-H,), 1.50 (4H,
m, C13-H,, C15-H,), 2.44 (4H, m, C12-H,, C16-H,), 2.56 (2H,
dd,*J =8.2 Hz,*J = 5.8 Hz, C10-H,), 3.33 (1H, ddd, *Jy u, =
12.3 Hz, *Jy, uy = 8.4 Hz, *Jy, 4, = 3.9 Hz, H,), 3.44 (1H, ddd,
*Juyne = 12.3 Hz, *Jy, uy = 6.3 Hz, *Jy, u, = 4.2 Hz, H,), 4.96





(1H, s, C5-H), 5.12 (2H, s, PhCH,), 5.14 (2H, s, PhACH,), 5.27
(1H, m, C9-H,), 7.19-7.90 (15H, m, 3 x Ph); dc(75.4 MHz,
CDCl;, Me,Si): 23.8 (—ve, C14), 25.5 (—ve, C13,15), 44.2 (—ve,
PhCH,), 45.7 (—ve, PhCH,), 46.2 (—ve, C8), 55.3 (—ve, C12,16),
60.0 (—ve, C10), 69.9 (+ve, C9), 76.4 (+ve, C5), 126.1 (+ve,
ArCH), 127.2 (+ve, ArCH), 127.9 (+ve, ArCH), 128.3 (+ve,
ArCH), 128.5 (+ve, ArCH), 128.6 (+ve, ArCH), 129.0 (+ve,
ArCH), 129.2 (ArC), 129.7 (+ve, ArCH), 133.6 (+ve, ArCH),
135.0 (ArC), 137.6 (ArC), 152.1 (C2), 152.9 (C6), 162.6 (C4),
166.4 (C=0); m/z (FAB) 553 (M* + 1).

Benzoic acid 2-(1,3-dibenzyl-2,6-dioxo-1,2,3,6-tetrahydro-
pyrimidin-4-ylamino)-1-(pyrrolidin-1-ylmethyl)ethyl ester (19).
According to the preparation of 14, 19 was obtained from 13
(4.34 g, 10 mmol) as a yellowish oil. Yield: 4.73 g, 75%; (Found:
C, 71.55; H, 6.80; N, 10.55. C;,H;,N,O, requires C, 71.35; H,
6.36; N, 10.40%); Ve (CHCL;) (em™): 3233 (NH), 1710 (C=0);
ou(300 MHz, CDCl;, Me,Si): 1.81 (4H, m, C13-H,, C14-H,),
2.92 (2H, dd, 2J = 7.2 Hz, *J = 3.2 Hz, C10-H,), 3.30 (4H, m,
C12-H,, C15-H,), 3.55 (2H, dd, *J = 7.5 Hz, *J = 5.6 Hz, C8-
H,), 4.82 (1H, s, C5-H), 5.07 (2H, d, J = 15.2 Hz, PhCH,), 5.28
(2H,d, J = 14.4 Hz, PhCH,), 5.43 (1H, m, H,), 7.25-7.37 (15H,
m, 3 x Ph);d.(75.4 MHz, CDCl;, Me,Si): 23.2 (—ve, Cy314), 44.3
(—ve, PhCH,), 45.6 (—ve, C8), 45.7 (—ve, PhCH,), 55.6 (—ve,
Cl12,15), 58.5 (—ve, C10), 70.1 (+ve, C9), 75.9 (4ve, C5), 126.2
(+ve, ArCH), 126.8 (+ve, ArCH), 127.2 (4+ve, ArCH), 127.7
(+ve, ArCH), 127.9 (4+ve, ArCH), 128.0 (+ve, ArCH), 128.3
(+ve, ArCH), 128.8 (+ve, ArCH), 129.0 (ArC), 135.4 (ArC),
137.5 (ArC), 152.0 (C2), 153.1 (C6), 163.2 (C4), 166.5 (C=0);
m/z (FAB) 539 (M* + 1).

Benzoic acid 2-(5-benzoyl-1,3-dimethyl-2,6-dioxo-1,2,3,6-
tetrahydro-pyrimidin-4-ylamino)-1-(morpholin-4-ylmethyl)ethyl
ester (20). A mixture of 8 (2.98 g, 10 mmol) and benzoyl
chloride (2.81, 20 mmol) in pyridine (10 ml) was refluxed at
115 °C for 4 h. The solvent was removed under vacuum and
treated with a saturated solution of sodium bicarbonate to
remove traces of benzoic acid. The aqueous part was extracted
with ether and dried over anhydrous sodium sulfate. Removal
of the solvent provided a crude product which was purified by
column chromatography using hexane-ethyl acetate (3 : 7) as
eluent giving rise to compound 20 (3.2 g, 62%) as a yellowish
oil; (Found: C, 64.12; H, 6.05; N, 11.20. C,;H;N,O¢ requires
C, 64.02; H, 5.97; N, 11.06%); Ve (CHCL;)/cm™": 3209 (NH),
1655, 1719 (C=0); 04(300 MHz, CDCl;, Me,Si): 2.50 (4H, m,
C12-H,, C16-H,), 2.63 (2H, d, J = 6.6 Hz, C10-H,), 3.19 (3H, s,
NCH;), 3.56 (3H, s, NCH;), 3.62 (4H, t, J = 4.5 Hz, C13-H,,
Cl15-H,), 3.69 (2H, m, C8-H,), 5.31 (1H, m, Hy), 7.39-7.95
(10H, m, 2 x Ph), 9.62 (1H, t, J = 5.4 Hz, H,, exchanges with
D,0)); 6c(75.4 MHz, CDCl;, Me,Si): 28.1 (+ve, NCH;), 34.8
(+ve, NCH;), 48.4 (—ve, C8), 54.2 (—ve, C12,16), 58.7 (—ve,
C10), 66.8 (—ve, C13,15), 70.6 (+ve, C9), 94.5 (C5), 127.8 (+ve,
ArCH), 128.5 (+ve, ArCH), 129.1 (ArC), 129.7 (+ve, ArCH),
131.1 (+ve, ArCH), 133.6 (+ve, ArCH), 141.2 (ArC), 151.5
(C2), 160.5 (C6), 161.3 (C4), 166.1 (C=0), 195.5 (C=0); m/z
(FAB) 507 (M* + 1).

Benzoic acid 2-(5-benzoyl-1,3-dimethyl-2,6-dioxo-1,2,3,6-
tetrahydropyrimidin-4- ylamino)- 1 - (piperidin- 1 - ylmethyl)ethyl
ester (21). According to the preparation of 20, 21 was
obtained from 9 (2.96 g, 10 mmol) as a yellowish oil. Yield:
5.1 g, 61%; (Found: C, 66.52; H, 6.40; N, 11.10. C,xH;,N,Os
requires C, 66.65; H, 6.39; N, 11.10%); v, (CHCl3)/cm™": 3230
(NH), 1720, 1656 (C=0); 64(300 MHz, CDCl;, Me,Si): 1.41
(2H, m, C14-H,), 1.52 (4H, m, C13-H,, C15-H,), 2.42 (2H, m,
Cl12-H,/Cl16-H,), 2.51 (2H, m, C12-H,/C16-H,), 2.61 (2H,
dd, °J = 3.6 Hz, °J = 1.2 Hz, C10-H,), 3.21 (3H, s, NCH,;),
3.58 (3H, s, NCH;), 3.66 (2H, m (distorted triplet), / = 5.1 Hz,
C8-H,), 5.30 (1H, m, H,), 7.33-7.98 (10H, m, 2 x Ph), 9.63
(1H, t, J = 6.4 Hz, H,, exchanges with D,0); J-(75.4 MHz,
CDCl;, Me,Si): 23.9 (—ve, C14), 25.9 (—ve, C13,15), 28.0 (+ve,

NCH;), 34.6 (+ve, NCH,), 48.8 (—ve, C8), 55.4 (—ve, C12,16),
59.1 (—ve, C10), 70.6 (+ve, C9), 94.1 (C5), 127.8 (+ve, ArCH),
127.9 (4+ve, ArCH), 128.5 (4+ve, ArCH), 129.2 (ArC), 129.7
(+ve, ArCH), 131.0 (4+ve, ArCH), 133.5 (+ve, ArCH), 141.3
(ArC), 151.5 (C2), 160.1 (C6), 161.4 (C4), 165.9 (C=0), 195.3
(C=0); 2D TOCSY, HMBC and HSQC experiments of this
compound also confirm all the above assignments to various
protons and carbons; m/z (FAB) 505 (M* + 1).

Benzoic acid 2-(5-benzoyl-1,3-dimethyl-2,6-dioxo-1,2,3,6-
tetrahydropyrimidin-4-ylamino)-1-(pyrrolidin- 1-ylmethyl)ethyl
ester (22). According to the preparation of 20, 22 was obtained
from 10 (2.82 g, 10 mmol) as a yellowish oil. Yield: 3.4 g, 65%;
(Found: C, 66.12; H, 6.10; N, 11.52. C,;H;)N,Os requires C,
66.11; H, 6.16; N, 11.42%); vn, (CHCL;)/cm™': 3328 (NH),
1710, 1670 (C=0); 614(300 MHz, CDCl;, Me,Si): 1.95 (4H,
m, C13-H,, C14-H,), 2.87 (2H, dd, *J = 8.4 Hz, °J = 6.0 Hz,
C10-H,), 3.10 (3H, s, NCH;), 3.15 (4H, m, C12-H,, C15-H,),
3.24 (3H, s, NCH;), 3.60 (2H, dd, *J = 8.4 Hz, °J = 6.5 Hz,
C8-H,), 5.44 (1H, m, H,), 7.51-8.01 (10H, m, 2 x Ph), 9.52 (1H,
t, J = 6.0 Hz, H,); -(75.4 MHz, CDCl,;, Me,Si): 22.5 (—ve,
Cisu4), 27.3 (+ve, NCH;), 29.0 (4+ve, NCH;), 46.8 (—ve, C8),
55.2 (—ve, C12,15), 58.3 (—ve, C10), 69.9 (+ve, C9), 94.1 (C5),
127.3 (+ve, ArCH), 127.6 (+ve, ArCH), 128.7 (+ve, ArCH),
129.5 (ArC), 129.7 (+ve, ArCH), 131.8 (4+ve, ArCH), 132.5
(+ve, ArCH), 141.6 (ArC), 151.5 (C2), 158.1 (C6), 161.8 (C4),
165.2 (C=0), 194.8 (C=0); m/z (FAB) 491 (M* + 1).

Benzoic acid 2-(5-benzoyl-1,3-dibenzyl-2,6-dioxo-1,2,3,6-
tetrahydropyrimidin-4-ylamino)-1-(morpholin-4-ylmethyl)ethyl
ester (23). According to the preparation of 20, 23 was obtained
from 11 (4.50 g, 10 mmol) as a yellowish oil. Yield: 4.5 g,
68%; (Found: C, 71.00; H, 5.80; N, 8.71. C; H3;sN,O, requires
C, 71.11; H, 5.81; N, 8.51%); vy, (CHCl;)/cm™': 3386 (NH),
1716, 1635 (C=0); 64(300 MHz, CDCl;, Me,Si): 2.30 (4H, m,
Cl12-H,, Cl6-H,), 2.41 (2H, d, J = 5.6 Hz, C10-H,), 3.41 (1H,
ddd, *Jy.u, = 124 Hz, *Jy uy = 9.0 Hz, *Jyyu, = 4.4 Hz, H,),
3.59 (1H, ddd, *Jy, u. = 12.4 Hz, *Jy, u, = 8.4 Hz, *Jy, ., =
4.0 Hz, H,), 3.86 (4H, t, J = 4.5 Hz, C13-H,, C15-H,), 5.05 (2H,
d,J =16.2 Hz, PhCH,), 5.10 2H, d, J = 14.4 Hz, PhCH,), 5.11
(1H, m, Hy), 7.01-8.04 (20H, m, 4 x Ph); 6-(75.4 MHz, CDCl,,
Me,Si): 44.3 (—ve, PhCH,), 46.8 (—ve, PhCH,), 46.9 (—ve, C8),
54.4 (—ve, C12,16), 59.2 (—ve, C10), 66.2 (—ve, C13,15), 69.6
(+ve, C9), 94.2 (C5), 126.2 (+ve, ArCH), 126.5 (+ve, ArCH),
127.0 (+ve, ArCH), 127.3 (+ve, ArCH), 127.5 (+ve, ArCH),
127.9 (4+ve, ArCH), 128.4 (+ve, ArCH), 128.6 (+ve, ArCH),
129.1 (ArC), 129.5 (+ve, ArCH), 130.0 (+ve, ArCH), 131.1
(+ve, ArCH), 131.5 (4+ve, ArCH) 131.8 (ArC), 133.0 (ArC),
137.1 (ArC), 152.0 (C2), 162.9 (C6), 165.6 (C4), 174.7 (C=0),
195.3 (C=0); m/z (FAB) 659 (M* + 1).

Benzoic acid 2-(5-benzoyl-1,3-dibenzyl-2,6-dioxo-1,2,3,6-
tetrahydropyrimidin-4-ylamino)- 1 - (piperidin- 1 - ylmethyl)ethyl
ester (24). According to the preparation of 20, 24 was obtained
from 12 (4.48 g, 10 mmol) as a yellowish oil. Yield: 4.27 g,
65%; (Found: C, 73.12; H, 6.30; N, 8.85. C, H4,N,Os requires
C, 73.15; H, 6.14; N, 8.53%); v, (CHCl;)/cm™': 3200 (NH),
1725, 1633 (C=0); 04(300 MHz, CDCl;, Me,Si): 1.40 (2H, m,
Cl14-H,), 1.49 (4H, m, C13-H,, C15-H,), 2.44 (4H, m, C12-H.,
Cl6-H,), 2.62 (2H, d, J = 6.3 Hz, C10-H,), 3.66 (1H, dd,
*J = 10.8 Hz, *J = 8.1 Hz, C8-H), 3.88 (1H, d, J/ = 13.5 Hz,
C8-H), 5.11 (2H, d, J = 15.9 Hz, PhCH,), 5.16 2H, d, J =
13.2 Hz, PhCH,), 5.32 (1H, m, Hy), 7.21-8.02 (20H, m, 4 x
Ph), 14.30 (1H, bs, H,, exchanges with D,0); d.(75.4 MHz,
CDCl;, Me,Si): 23.2 (—ve, C14), 24.5 (—ve, C13,15), 44.1 (—ve,
PhCH,), 45.0 (—ve, PhCH,), 45.1 (—ve, C8), 54.9 (—ve, C12,16),
60.2 (—ve, C10), 68.2 (+ve, C9), 94.4 (C5), 125.9 (+ve, ArCH),
126.3 (+ve, ArCH), 126.9 (+ve, ArCH), 128.3 (+ve, ArCH),
128.5 (+ve, ArCH), 128.6 (+ve, ArCH), 128.9 (ArC), 129.0
(+ve, ArCH), 129.2 (+ve, ArCH), 129.3 (+ve, ArCH), 129.8
(+ve, ArCH), 130.9 (ArC), 133.8 (ArC), 137.7 (ArC), 148.3
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(C2), 151.1 (C6), 157.3 (C4), 162.6 (C=0), 194.3 (C=0); m/z
(FAB) 657 (M* + 1).

Benzoic acid 2-(5-benzoyl-1,3-dibenzyl-2,6-dioxo-1,2,3,6-
tetrahydropyrimidin-4-ylamino)-1-(pyrrolidin-1-ylmethyl)ethyl
ester (25). According to the preparation of 20, 25 was
obtained from 13 (4.34 g, 10 mmol) as a yellowish oil. Yield:
3.9 g, 62%; (Found: C, 72.72; H, 5.60; N, 8.55. C;H3N,O;
requires C, 72.88; H, 5.96; N, 8.72%); vy (CHCL)/cm™": 3345
(NH), 1710, 1660 (C=0); 64(300 MHz, CDCl;, Me,Si): 1.80
(4H, m, C13-H,, C14-H,), 2.63 (2H, dd, *J = 7.2 Hz, *J =
3.0 Hz, C10-H,), 2.79 (2H, m, C12-H,/C15-H,) 2.90 (2H, m,
C12-H,/Cl15-H,), 3.08 (2H, dd, *J = 7.5 Hz, *J = 3.8 Hz,
C8-H,), 5.07 (2H, d, J = 16.8 Hz, PhCH,), 5.12 2H, d, J =
14.8 Hz, PhCH,), 5.41 (1H, m, Hy), 7.07-7.91 (20H, m, 4 x Ph),
8.61 (1H, bs, H,, exchanges with D,0); 6.(75.4 MHz, CDCl,,
Me,Si): 23.8 (—ve, Ci3.4), 44.1 (—ve, PhCH,), 45.2 (—ve, C8),
45.7 (—ve, PhCH,), 56.0 (—ve, C12,15), 58.9 (—ve, C10), 69.1
(4ve, C9), 94.6 (C5), 126.2 (+ve, ArCH), 126.4 (+ve, ArCH),
126.8 (+ve, ArCH), 127.2 (+ve, ArCH), 127.4 (+ve, ArCH),
127.7 (+ve, ArCH), 127.9 (+ve, ArCH), 128.0 (+ve, ArCH),
128.3 (+ve, ArCH), 128.5 (ArC), 128.8 (+ve, ArCH), 129.0
(ArC), 135.4 (ArC), 137.5 (ArC), 152.8 (C2), 153.3 (C6), 163.2
(C4), 163.0 (C=0), 194.6 (C=0); m/z (FAB) 643 (M* + 1).

3-Phenyl-propionic acid 2-[1,3-dimethyl-2,6-dioxo-5-(3-
phenylpropionyl)-1,2,3,6-tetrahydropyrimidin-4- ylamino)-1-
(morpholin-4-ylmethyl)ethyl ester (26). According to the
preparation of 20, 26 was obtained from 8 (2.98 g, 10 mmol) as
a yellowish oil by using 3-phenylpropionyl chloride. Yield: 3.4 g,
60%; (Found: C, 66.12; H, 6.80; N, 9.70. C;;H;xN,O, requires
C, 66.17; H, 6.81; N, 9.96%); vy, (CHCL;)/cm™': 3243 (NH),
1700, 1650 (C=0); 64(300 MHz, CDCl;, Me,Si): 2.29-2.43
(6H, m, C10-H,, C12-H,, Cl16-H,), 2.70 (2H, dt, J = 7.8 Hz,
6.9 Hz, CH,), 2.92 (4H, m, 2 x CH,), 3.31 (3H, s, NCH};), 3.32
(2H, m, CH,), 3.40 (3H, s, NCH,), 3.50 (2H, dd, *J = 8.0 Hz,
*J =4.2 Hz, C8-H,), 3.60 (4H, t, J = 4.5 Hz, C13-H,, C15-H,),
5.12 (1H, m, Hy), 7.15-7.30 (10H, m, 2 x Ph), 11.68 (1H, t, J =
5.4 Hz, H,, exchanges with D,0); d.(75.4 MHz, CDCl;, Me,Si):
28.1 (+ve, NCHs;), 30.6 (+ve, NCHj;), 30.7 (—ve, CH,), 35.3
(—ve, CH,), 35.6 (—ve, CH,), 36.5 (—ve, CH,), 47.6 (—ve, C8),
54.0 (—ve, C12,16), 58.2 (—ve, C10), 66.5 (—ve, C13,15), 69.4
(+ve, C9), 94.9 (C5), 125.7 (+ve, ArCH), 126.3 (+ve, ArCH),
128.2 (+ve, ArCH), 128.4 (+ve, ArCH), 128.5 (+ve, ArCH),
140.0 (ArC), 141.8 (ArC), 151.3 (C2), 161.6 (C4), 162.7 (C6),
172.0 (C=0), 200.4 (C=0); m/z (FAB) 563 (M* + 1).

5-Benzoyl-6-(2-hydroxy-3-morpholin-4-ylpropylamino)-1,3-
dimethyl-1H-pyrimidin-2,4-dione (27). Compound 20 (2.53 g,
5 mmol) was stirred with 2 N aqueous sodium hydroxide (10 ml)
in ethanol (10 ml) at room temperature for 2 h. Extraction with
ether, drying over sodium sulfate and solvent removal afforded
a thick liquid which was purified by column chromatography
using ethyl acetate-methanol (8 : 2) as eluent to give 27
(1.82 g, 89%) as a yellowish oil. (Found: C, 59.68; H, 6.40;
N, 13.85. C, H,xN,Os requires C, 59.70; H, 6.46; N, 13.93%);
Vmax (CHCL)/cm™": 3393 (NH), 1638, (C=0); 64(300 MHz,
CDCl;, Me,Si): 2.33 (2H, m, CI12-H,/Cl16-H,), 2.34 (2H,
m, C10-H,), 2.58 (2H, m, CI12-H,/Cl16-H,), 2.79 (1H, bs,
OH, exchanges with D,0), 3.21 (1H, ddd, *Jy, u, = 12.6 Hz,
ey = 6.3 Hz, *Jy,_u, = 5.7 Hz, H,), 3.26 (3H, s, NCH,),
3.47 (1H, dt, *Jy, n. = 12.9 Hz, *Jy u, = 42 Hz, *Japne) =
4.2 Hz, H,), 3.54 (3H, s, CHs), 3.64 (4H, m, C13-H,, C15-H,),
391 (1H, m, Hy), 7.37-7.54 (5H, m, Ph), 9.50 (1H, t, J =
4.5 Hz, H,); 6c(75.4 MHz, CDCl;, Me,Si): 28.1 (+ve, NCH,),
34.8 (+ve, NCH;), 50.3 (—ve, C8), 53.6 (—ve, C12,16), 61.1
(—ve, C10), 65.4 (+ve, C9), 66.7 (—ve, C13,15), 94.4 (C5), 127.7
(+ve, ArCH), 127.9 (+ve, ArCH), 131.1 (4+ve, ArCH), 141.5
(ArC), 151.7 (C2), 160.6 (C6), 161.4 (C4), 195.8 (C=0); '"H-"*C
HETCOR: The two multiplets at 6 2.33 and 2.58 correspond to
the carbon signal at ¢ 53.6. The 2H multiplet at § 2.34 belongs
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to the carbon signal at 6 61.1. The signals at 6 3.21 and 3.47
correspond to the carbon signal at 0 50.3; m/z (FAB) 403
M +1).

5-Benzoyl-6-(2-hydroxy-3-piperidin- 1-ylpropylamino)-1,3-
dimethyl-1H-pyrimidin-2,4-dione  (28). According to the
preparation of 27, 28 was obtained from 21 (2.52 g, 5 mmol) as
a yellowish oil. Yield: 2.6 g, 61%; (Found: C, 63.01; H, 6.98; N,
14.02. C,;HxN, O, requires C, 63.00; H, 7.00; N, 14.00%); Vyx
(CHCl3)/cm™": 3131 (NH), 1647 (C=0); 6,4(300 MHz, CDCl,,
Me,Si): 1.47 (2H, m, C14-H,), 1.58 (4H, m, C13-H,, C15-H,),
2.55 (2H, m, C12-H,/C16-H,), 2.67 (2H, m, C12-H,/C16-H,),
2.79 (2H, d, J = 5.1 Hz, C10-H,), 2.90 (1H, bs, OH, exchanges
with D,0), 3.03 (1H, ddd, *Jy, n, = 12.3 Hz, *Jy. 4, = 7.4 Hz,
*Juen, =4.0Hz, H,), 3.20 (1H, ddd, *Jy, u, = 12.3Hz,*Jy ny =
5.4 Hz, *Jy, u, = 4.2 Hz, Hy), 3.30 3H, s, NCHj;), 3.42 3H, s,
NCH;), 4.09 (1H, m, H,), 7.36-8.03 (5H, m, Ph), 8.59 (1H, bs,
H,); dc(75.4 MHz, CDCl;, Me,Si): 23.5 (—ve, C14), 26.1 (—ve,
C13,15), 28.2 (+ve, NCH;), 34.8 (+ve, NCH,;), 49.8 (—ve, C8),
55.1 (—ve, C12,16), 60.1 (—ve, C10), 64.3 (+ve, C9), 94.3 (C5),
127.8 (+ve, ArCH), 127.9 (+ve, ArCH), 131.0 (+ve, ArCH),
141.3 (ArC), 151.8 (C2), 160.3 (C6), 161.3 (C4), 195.3 (C=0);
m/z (FAB) 401 (M* + 1).

5-Benzoyl-6-(2-hydroxy-3-pyrrolidin-1-ylpropylamino)-1,3-
dimethyl-1H-pyrimidin-2,4-dione  (29). According to the
preparation of 27, 29 was obtained from 22 (2.45 g, 5 mmol) as
a yellowish oil. Yield: 1.25 g, 65%; (Found: C, 66.40; H, 6.70; N,
14.51. C,)H,xN,O, requires C, 66.32; H, 6.73; N, 14.50%); Vyx
(CHCl3)/cm™": 3335 (NH), 1700, 1680 (C=0); 54(300 MHz,
CDCl;, Me,Si): 1.97 (4H, m, C13-H,, C14-H,), 2.85 (2H, dd,
*J = 8.4 Hz, *J = 6.0 Hz, C10-H,), 2.90 (4H, m, CI2-H,,
Cl15-H,), 3.25 (3H, s, NCH,), 3.40 (3H, s, NCH,), 3.44 (2H, dd,
*J = 8.4 Hz,*J = 6.5 Hz, C8-H,), 3.99 (1H, m, H,), 7.46-7.95
(5H, m, Ph), 9.60 (1H, t, J = 6.0 Hz, H,): 6-(75.4 MHz, CDCl,,
Me,Si): 22.8 (—ve, Cy314), 28.1 (+ve, NCHs;), 29.1 (+ve, NCH,),
47.0 (—ve, C8), 55.4 (—ve, C12,15), 58.9 (—ve, C10), 64.9 (+ve,
C9), 94.8 (C5), 127.1 (+ve, ArCH), 129.7 (+ve, ArCH), 130.8
(+ve, ArCH), 141.8 (ArC), 151.7 (C2), 159.1 (C6), 161.1 (C4),
194.8 (C=0); m/z (FAB) 387 (M* + 1).

5-Benzoyl-1,3-dibenzyl-6-(2-hydroxy-3-morpholin-4-ylpropyl-
amino)-1H-pyrimidin-2,4-dione  (30). According to the
preparation of 27, 30 was obtained from 23 (3.29 g, 5 mmol) as
a yellowish oil. Yield: 2.25 g, 81%; (Found: C, 69.28; H, 6.32; N,
10.04. C;,H3,N,O5 requires C, 69.31; H, 6.31; N, 10.10%); vy
(CHCly)/cm™': 3231 (NH), 1637 (C=0); 6,;(300 MHz, CDCl;,
Me,Si): 2.17 (2H, m, C10-H,), 2.20 (2H, m, C12-H,/C16-H,),
2.46 (2H, C12-H,/C16-H,), 2.87 (1H, ddd, *Jy, n, = 12.6 Hz,
*Jueng = 6.3 Hz, *Jy_n, =42 Hz, H,), 3.08 (1H, dt, *Jy, n, =
12.92 Hz, *Jy, ny = 3.6 Hz, *Jy, u, = 4.0 Hz, H,), 3.60 (4H,
t, J = 4.6 Hz, C13-H,, C15-H,), 3.66 (1H, m, H,), 5.12 (2H,
d, J = 16.2 Hz, PhCH,), 5.30 (2H, d, J = 14.4 Hz, PhCH,),
7.17-7.77 (15H, m, 3 x Ph); d.(75.4 MHz, CDCl;, Me,Si): 44.3
(—ve, PhCH,), 48.6 (—ve, PhCH,), 49.6 (—ve, C8), 53.3 (—ve,
Cl12,16), 60.8 (—ve, C10), 64.5 (—ve, C13,15), 66.3 (+ve, C9),
92.9 (C5), 125.9 (+ve, ArCH), 126.4 (+ve, ArCH), 127.0 (+ve,
ArCH), 128.0 (+ve, ArCH), 128.2 (+ve, ArCH), 128.8 (ArC),
129.2 (+ve, ArCH), 129.8 (+ve, ArCH), 133.4 (+ve, ArCH),
134.1 (+ve, ArCH), 137.5 (ArC), 140.2 (ArC), 151.4 (C2), 156.5
(C6), 161.1 (C4), 194.4 (C=0); (FAB) m/z 555 (M* + 1).

5-Benzoyl-1,3-dibenzyl-6-(2-hydroxy-3-piperidin-1-ylpropyl-
amino)-1H-pyrimidin-2,4-dione  (31). According to the
preparation of 27, 31 was obtained from 24 (3.28 g, 5 mmol) as
a yellowish oil. Yield: 2.2 g, 80%; (Found: C, 71.52; H, 6.49; N,
10.12. C;;H3N,O, requires C, 71.73; H, 6.52; N, 10.14%); Vyux
(CHCl;)/cm™": 3330 (NH), 1640 (C=0); 6,;(300 MHz, CDCI;,
Me,Si): 1.49 (2H, m, C14-H,), 1.67 (4H, m, C13-H,, C15-H,),
2.18 (2H, m, C12-H,/C16-H,), 2.69 (2H, m, C12-H,/C16-H,),
2.70 (2H, d, J = 6.8 Hz, C10-H,), 3.01 (1H, ddd, *Jy u, =
12.3 Hz, *Jy, uy = 7.4 Hz, *Jy_ 4, = 3.8 Hz, H.), 3.14 (1H, ddd,





*Juyne = 12.3 Hz, *Jy ny = 4.2 Hz, *Jy, u, = 4.2 Hz, H,), 3.96
(1H, m, H,), 5.06 2H, d, J = 14.8 Hz, PhCH,), 5.17 (2H, d, J =
16.2 Hz, PhCH,), 7.11-7.52 (15H, m, 3 x Ph); 6o(75.4 MHz,
CDCl;, Me,Si): 22.6 (—ve, C14), 23.8 (—ve, C13,15), 44.0 (—ve,
PhCH,), 45.2 (—ve, PhCH,), 46.2 (—ve, C8), 54.5 (—ve, C12,16),
60.6 (—ve, C10), 63.1 (+ve, C9), 93.2 (C5), 125.9 (+ve, ArCH),
126.9 (+ve, ArCH), 127.6 (+ve, ArCH), 128.3 (4ve, ArCH),
128.5 (+ve, ArCH), 128.8 (ArC), 129.2 (+ve, ArCH), 130.9
(+ve, ArCH), 133.4 (+ve, ArCH), 137.5 (ArC), 144.5 (ArC),
151.1 (C2), 155.0 (C6), 157.1 (C4), 194.2 (C=0); m/z (FAB)
553 (M* +1).

5-Benzoyl-1,3-dibenzyl-6-(2-hydroxy-3-pyrrolidin-1-yl-propyl-
amino)-1H-pyrimidin-2,4-dione  (32). According to the
preparation of 27, 32 was obtained from 25 (3.16 g, 5 mmol) as
a yellowish oil. Yield: 2.02 g, 75%; (Found: C, 71.32; H, 6.32; N,
10.38. C;,H3,N,O, requires C, 71.37; H, 6.31; N, 10.40%); Vinax
(CHCly)/em™: 3231 (NH), 1652 (C=0); 6,4(300 MHz, CDCl,,
Me,Si): 1.93 (4H, m, C13-H,, C14-H,), 2.67 (2H, dd, *J =
7.0 Hz, *'J = 3.8 Hz, C10-H,), 2.81 (2H, m, C12-H,/C15-H,),
2.90 (2H, m, C12-H,/C15-H,), 3.13 (2H, dd, *J = 8.0 Hz, *J =
4.2 Hz, C8-H,), 4.11 (1H, m, Hy), 5.23 (2H, d, J = 15.9 Hz,
PhCH.,), 5.52 (2H, d, J = 14.1 Hz, PhCH,), 7.19-7.72 (15H, m,
3 x Ph): 6c(75.4 MHz, CDCl;, Me,Si): 24.0 (—ve, Ci3,4), 44.1
(—ve, PhCH,), 45.4 (—ve, C8), 45.9 (—ve, PhCH,), 56.5 (—ve,
Cl12,15), 59.9 (—ve, C10), 62.8 (+ve, C9), 93.6 (C5), 126.2 (+ve,
ArCH), 126.8 (+ve, ArCH), 127.2 (+ve, ArCH), 127.7 (4ve,
ArCH), 127.9 (+ve, ArCH), 128.0 (+ve, ArCH), 128.3 (+ve,
ArCH), 128.5 (ArC), 128.8 (+ve, ArCH), 135.4 (ArC), 137.5
(ArC), 152.2 (C2), 153.8 (C6), 158.2 (C4), 194.8 (C=0); m/z
(FAB) 539 (M* + 1).

6-(2-Hydroxy-3-morpholin-4-ylpropylamino)-1,3-dimethyl-5-
(3-phenylpropionyl)-1 H-pyrimidin-2,4-dione  (33). According
to the preparation of 27, 33 was obtained from 26 (2.81 g,
5 mmol) as a yellowish oil. Yield: 1.55 g, 72%; (Found: C,
61.35; H, 6.87; N, 13.01. C,H;N,O; requires C, 61.39; H,
6.97; N, 13.02%); Vpu (CHCL)/cm™': 3313 (NH), 1680 (C=0);
0u(300 MHz, CDCl,;, Me,Si): 2.53 (2H, dd, *J = 8.1 Hz, *J =
3.0 Hz, C10-H,), 2.64 (2H, m, C12-H,/C16-H,), 2.77 (2H, m,
Cl12-H,/Cl16-H,), 2.95 2H, t, J = 7.4 Hz, CH,), 3.32 (3H, s,
NCH;), 3.33 (1H, merged with NCH;, H,), 342 2H, t, J =
7.4 Hz, CH,), 3.48 (3H, s, NCHj;), 3.53 (1H, dt, *J = 12.6 Hz,
3J = 4.2 Hz,*J = 3.9 Hz, H,), 3.80 (4H, m, C13-H,, C15-H,),
4.02 (1H, m, Hy), 7.16-7.25 (5H, m, Ph), 11.77 (1H, t, J =
4.2 Hz, NH,); 6.(75.4 MHz, CDCl;, Me,Si): 28.1 (+ve, NCH;),
30.9 (—ve, CH,), 36.4 (+ve, NCH;), 44.6 (—ve, CH,), 50.5
(—ve, C8), 53.7 (—ve, C12,16), 61.4 (—ve, C10), 65.5 (+ve, C9),
66.0 (—ve, C13,15), 94.9 (CS), 125.7 (+ve, ArCH), 128.2 (+ve,

ArCH), 128.5 (+ve, ArCH), 141.9 (ArC), 151.4 (C2), 161.7
(C4), 162.7 (C6), 200.4 (C=0); m/z (FAB) 431 (M* + 1).
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Wide rim tetraurea calix[4]arenes monofunctionalized at the narrow rim by COOH or NH, have been synthesized in
five steps from #-butylcalix[4]arene tripropylether. Their covalent linkage via the narrow rim to a central calix[4]arene
fixed in the 1,3-alternate conformation led to pentacalix[4]arenes 9 bearing four tetraurea derivatives in the cone
conformation in a flexible tetrahedral arrangement. Their self-assembly via the formation of hydrogen bonded dimeric
capsules has been studied under different conditions. A fourfold heterodimerisation of tetrakis-tetraurea derivatives
of type 9 with tetratosylurea 10 has been confirmed by 'H NMR-spectroscopy and dynamic light scattering.

Introduction

Self-organisation, a general principle in nature, is “copied” more
and more by synthetic chemists to obtain sophisticated materials
with novel properties.! Self-assembly processes that occur via
reversible bonds have the advantage that incorrect links or
connections can be corrected while building up larger structures.
On the other hand, this strategy requires that all the information
for the construction of a complex supramolecular assembly must
be already present in the single building blocks.?

Numerous examples for the formation of oligomeric and poly-
meric aggregates in solution® using metal ion complexation,* hy-
drogen bonding,’ or apolar forces, including - stacking,® have
been reported during the last decade. For these purposes, the
respective interacting groups or functions have been covalently
attached to various molecular scaffolds. Among these potential
skeletons or building blocks, calixarenes’ or resorcarenes are
especially attractive, since they are not only easily available but
also prone to nearly unlimited chemical modifications.®

Calix[4]arenes bearing four urea functions at their wide rim,
for instance, form dimeric capsules in apolar solvents in the pres-
ence of suitable guests (e.g. the solvent itself).” Various dimeric'®
to hexameric!" capsules of calixarenes and resorcarenes held
together by hydrogen bonds have been described subsequently,
while dimeric assemblies have been found also for triurea deriva-
tives of tribenzylamines'? and triphenylmethanes."® Polymeric
assemblies have been formed from dimers in which tetraurea
calix[4]arenes are covalently connected via their narrow rim,**
while the only published example for a bis-tetraurea with a
covalent link between the urea residues formed a “unimolecular
capsule”.”

It should be possible to use the dimerisation of tetraurea
calix[4]arenes, to build up not only linear polymers via self-
assembly, but also definitely branched or dendritic structures.
This would require oligomers in which tetraurea calix[4]arenes
or similar self-complementary units are covalently linked.
Proper use of selectivities observed for the dimerisation process,
or more general of self-sorting processes'® should allow their
combination in a controlled way, leading to a single structure.

As a first step in this direction we have synthesized several
novel pentacalix[4]Jarenes in which for the first time four
tetraurea calix[4]arenes fixed in the cone conformation are
covalently connected to a central calix[4]arene in the 1,3-
alternate conformation.'””® Such pentacalix[4]arenes may serve
as cores for self-assembled dendrimers.
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Results and discussion
Syntheses

Amide links were chosen to attach four tetraurea calix[4]arenes
to the central calix[4]arene fixed in the 1,3-alternate conforma-
tion. The synthesis of the necessary 1,3-alternate tetraamines
(e.g. 1) was recently described.” The corresponding tetraacid
2b was synthesized in analogy by two subsequent O-alkylation
steps with ethyl(d-bromovaleriate) in the presence of K,CO;
(leading to the syn-1,3-diether® in 80%) and Cs,CO; (to obtain
the tetraether 2a as the 1,3-alternate isomer in 42%), followed
by alkaline hydrolysis of the ester functions.

1 2

R = COOEt
R = COOH

a
b

The synthesis of the complementary tetraurea calix[4]arenes
bearing one carboxyl or one amino group at the narrow rim
is outlined in Scheme 1. The syn-syn-tripropylether 3*! was
exhaustively O-alkylated by ethyl(8-bromovaleriate), ethyl(cw-
bromododecanoate), or N-(w-bromododecyl)phthalimide
with yields >80%. The alternative strategy to obtain 4,
monoalkylation by Br(CH,), R followed by exhaustive alkylation
with propylbromide, was less advantageous in our hands.
Usually the yields were lower since a purification by column
chromatography was necessary after the monoalkylation step.
The following steps, ipso-nitration (yielding 5 in 65-85%),
reduction of the nitro groups (60-85% of tetraamine 6) and
acylation with the respective isocyanate (giving tetraureas 7
in 65-95% yield) follow well known procedures. In a final
step the desired carboxyl compound was easily obtained by
alkaline hydrolysis from 7a—e. The yield of 8c—e with the longer
aliphatic chain was slightly higher (70-90%) than that of 8a,b
(60-65%).

| This journal is © The Royal Society of Chemistry 2005
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e n=10, R, = NHC(O)CF, i n=10, R, =NHBoc, R, = Tolyl
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Scheme 1 Synthesis of tetraurea calixarenes bearing a single functional group R, at the narrow rim; (i) Br(CH,),R,, NaH, DMF; (ii) CH;COOH,
HNO;, CH,Cl,; (iii) Raney-nickel, H,, THF or toluene; (iv) R,NCO, CH,Cl,; (v) MeOH-H,0-NaOH(or LiOH), THF; (vi) N,H,, EtOH.

Cleavage of the phthalimide group by hydrazinolysis of 7h was
not possible, however, without attacking also the urea functions.
To obtain 8h with a single amino group, the phthalimide function
in 4¢ had to be replaced by Boc or by TFA, before the urea
functions could be obtained by the reaction sequence described
above. Now the deprotection to 8h caused no problem.

Pentacalixarenes 9 were finally obtained by coupling of
tetraamine 1 (or tetraacid 2b) with four equivalents of the
corresponding monoacid (or monoamine) 8 using PyBOP in up
to 80% yield. Due to the difficulties faced with the phthalimide
group, the strategy to obtain pentacalixarenes was finally based
on tetraamine 1 rather than tetraacid 2.

-0-X- = -0-(CH,);NHC(O)-

R = —@—CH, a
0

1
e

o]

OCoHz4 c

O

CsH,4 d

-0-X- = -(CH,),C(O)NH-

R = —@ﬂ:na f

Org. Biomol. Chem., 2005, 3, 3916-3925

3917






Characterization and self-assembly

All the single calix[4]arenes 1-8 were characterized by NMR
and mass spectra. The confirmation of the structure of penta-
calix[4]arenes 9 is mainly based on clear NMR spectra and will
be discussed in connection with dimerization studies.

The four tetraurea units in 9 are Cs-symmetric (the whole
molecules 9 have dynamic D,s-symmetry) and all signals should
be found therefore in the respective ratio. However, the apparent
spectra are (often) more simple. Fig. 1 shows the aromatic part
of the "H NMR spectrum of pentacalixarene 9a in DMSO. Four
signals of equal intensity for NH protons and two equal singlets
for Ar-H of the tetraurea parts can be explained by a (time
averaged) pinched cone conformation of the mentioned unit,
which obviously does not “feel” the difference between the
substituents at the narrow rim. Important is the singlet for Ar—H
of the central calixarene and even more a single singlet for z-butyl
groups which evidence in addition to the correct integration
ratios the complete substitution of all four arms.

In benzene or chloroform compounds 9a and 9f have limited
solubility, which is not sufficient to record the "H NMR spectra.
We were able to get clear solutions of 9a and 9f in CHCIl,
only in the presence of 4 equivalents of tetratosyl urea 10,
which breaks the polymeric assemblies of 9 by the well known

T T T

8.0 7.5 7.0

Fig. 1 Section of the 'H NMR spectrum of 9a in DMSO. Colour
code: NH,,., = red; NH, .. = light blue; tolyl ArH = green; ArH of
core-calixarene = pink; ArH of urea calixarenes = dark blue.

heterodimerization between tetraaryl- and tetratosylureas.”
Usually the formation of the tetrakis-heterodimer is complete
within 1 d, the long time being due to the low solubility of the
components. In contrast, compound 9b could not be dissolved in
all solvents suitable for dimerization, neither alone nor after the
addition of 4 equivalents or even of an excess of tetratolyl urea
calix[4]arene 11. It is unclear for the moment, if this is (only) a
kinetic effect.

C:H CgH C:H
Pag il gl Pag il

o=c_ 0=C| 0=C_
NH NH NH
PN @ @
@ CH, o
N
CH, CH,

10 1" 12

Calixarenes 9c-e were soluble in chloroform, but clear
solutions were only obtained for 9¢ and 9e. Not entirely
unexpectedly, the '"H NMR spectra do not show any well
defined structures for both. Since the exclusive formation of
heterodimers occurs only between aryl and arylsulfonyl ureas,
this heterodimerization was studied just for 9c¢.

The aromatic part of the spectrum of the tetrakis-heterodimer
9¢-10, in CDCI; is shown in Fig. 2a in comparison to the
spectrum of the heterodimer 10-12 as a model (Fig. 2b).

According to the C,-symmetry of a heterodimer the four
phenolic units of each calixarene (10 and 12) are identical. Thus,
four signals for aromatic protons are observed which show two
cross peaks in the '"H COSY-gs spectrum. Four singlets for NH
urea protons are found and two pairs of (pseudo) doublets
corresponding to the aromatic protons of the tolyl and tosyl
residues. One of the pseudo doublets of the tolyl rings is actually
overlapped with one NH signal.

| T i
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9c

L

\
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Fig. 2 Sections of the "H NMR spectra of tetrakis-heterodimer 9¢-10, (a) and heterodimer 10-12 (b). Colour code: NH,,., = red; NH, ;s = light
blue; ArH of urea calixarenes = dark blue; ArH of core-calixarene = pink; tolyl ArH = green; tosyl ArH = orange.
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The chemical shifts of the signals attributed to the “dimeric
parts” of 9¢-10, are totally in accordance with those from the
heterodimer 10-12. Small differences are found only for the
number of signals. The downfield shifted signal for NH protons
splits into two signals (Ad = 0.03 ppm), while the two next signals
for NH protons are now overlapping. The two additional signals
in the spectrum were assigned to the aromatic protons of the
core-calixarene and to amide NH protons.

This close analogy of the two spectra provides strong evidence
for the self-assembled fourfold dimer 9¢-10,.

Light scattering

Dynamic light scattering measurements were performed to
obtain an additional proof for the aggregation and the extend of
structural control on self-assembly in solution. Fundamentals
of dynamic light scattering are given elsewhere?® and the results
are summarized in Table 1.

In solvents which break hydrogen bonds* (e.g DMSO,
pyridine, HFIP) the hydrodynamic radius of monomeric
calix[4]arenes is typically within 20% in the order of 1 nm,
the specific value depending on the substituents and on the
degree of solvation. The field correlation function, as measured
by dynamic light scattering of 11 in DMSO, shows an almost
perfect monoexponential decay which proves the absence of
unspecific aggregation and yields a hydrodynamic radius of
0.9 nm. The field correlation function of the pentacalixarene
9a in DMSO exhibits a small, but significant deviation from a
single exponential decay which indicates the presence of minor
unspecific aggregation. Note that DLS is particularly sensitive
even to traces of aggregates. Being formed by five calixarenes, 9a
has roughly the five-fold volume of a monomeric calix[4]arene.
Assuming a strictly spherical shape and identical density the
radius of 9a may be estimated from the measured radius of
11 as v/5 nm = 1.7 nm. This value represents a lower limit
because changes in density, shape, solvation and draining are
not accounted for and cannot easily be quantified. In view of
the long spacer groups present in 9a the measured radius is at
least reasonable.

As described before, 9a is insoluble in chloroform indicating
strong intermolecular interactions, which can easily be overcome
by the well known heterodimer formation simply induced by
cosolution of four equivalents of tetratosylurea 10. An increase
of R, to 2.4 nm is monitored by light scattering, which is 0.23 nm
larger as compared to 9a. This increase is similar to the observed
increase of the heterodimer 10-11 radius as compared to 11.

In contrast to 9a, the pentacalixarenes 9¢ and 9e are soluble
in chloroform but due to hydrogen bonding and their tetra-
functional character, aggregation is to be expected resulting
even in gelation in solvents which do not break hydrogen
bonds. However, the experiments in chloroform reveal that
the spatial extension of aggregation is quite limited even at
high concentrations of about 20 g L~'. From the strongly non
exponentially decaying field autocorrelation function average
hydrodynamic radii of 5.8 and 5.2 nm for 9¢ and 9e, respectively,
are determined (Table 1). The average aggregation numbers were

Table 1 Hydrodynamic radii R, from dynamic light scattering applying
the Stokes-Einstein equation (¢ = 17 g L™!, 20 °C, scattering angle
0 =30°)

Compound/assembly Solvent R, (nm)
Tetratolyl urea 11 DMSO 0.90
Heterodimer (10-11) CHCl,; 1.15¢
Pentacalix[4]arene 9a DMSO 2.17
Tetrakis-heterodimer (9a-10,) CHCl, 2.40
Pentacalix[4]arene 9¢ CHCl, 5.80°
Pentacalix[4]arene 9e CHClL, 5.20

“9=20°"c=20gL".

estimated to 20 and 15 respectively. This increase in radius and in
polydispersity is expected from “condensation” products of the
tetrafunctional monomers 9¢ and 9e. The large concentration
dependence of the apparent average diffusion coefficient with
a negative slope as shown in Fig. 3 for 9c represents another
indication for reversible aggregate formation.

9.00 1 1 1 1
-0
g 8.00- F
Y
o (o] ~.
N
S 7.00- L
~.
o N
6.00 ; : : .
0.00 5.00 10.00 15.00 20.00
cl/glL

Fig. 3 Concentration dependence of the apparent z-average diffusion
coefficient D, of 9¢ measured by dynamic light scattering in chloroform
(the dashed line is only a guide for the eye).

Concerning the question why no gelation is observed,
Stockmayer’s®> gelation theory should be considered. The
growth of branched polycondensates of monomers with func-
tionality f is described in terms of the conversion a by P, = (1 +
a)/(1 — a/a.) and a, = 1/(f — 1), thus with ' = 4, a. = 33%
at the gel point. The weight average degree of polymerization
P, strongly depends on conversion and reduces to only 13 at a
conversion of 30%. In addition ring closure within the aggregates
may efficiently reduce the effective functionality. In extreme cases
even completely closed structures with no free functional groups
left could result for aggregation numbers above 12, as suggested
by CPK models. However, such structures are probably entropi-
cally disfavored and therefore seem to be unlikely. It is, however,
well known from experimental and theoretical investigations?*?’
that dilution favours ring formation thus reducing the effective
functionality and avoiding gel formation.

Experimental
Syntheses

Calix[4]arene 1. The corresponding tetraphthalimido
calixarene® (0.62 g, 0.44 mmol) and hydrazine monohydrate
(7.21 g (7.0 cm?), 144 mmol) were refluxed in EtOH (45 cm?) for
4 h. The reaction mixture was concentrated to ca. 10 cm?® and
water (30 cm®) was added to the solution. A precipitate formed
which was filtered off, washed with water and dried, to obtain 1
(0.32 g, 100%) as a white powder; mp > 246 °C (decomp.); Oy
(400 MHz; CDCl;) 6.99 (8H, s, ArH), 3.80 (8H, s, ArCH,Ar),
3.45 (8H, s, OCH,), 2.50 (8H, s, NCH,), 1.52-1.38 (16H, br s,
NH,, CH,), 1.30 (18H, s, C(CH,);), 1.29 (18H, s, C(CH5);); (¢
(100 MHz; CDCl;) 154.9, 143.8, 133.0, 125.9, 68.8, 39.5, 39.2,
34.0, 33.2, 31.7; m/z (FD) 877.8 (100%) [M*].

Calix[4]arene 2a. The corresponding 1,3-diether® (1.00 g,
1.10 mmol) was dissolved in CH;CN (100 c¢cm?) and Cs,CO;
(5.40 g, 16.6 mmol) was added to the solution. The mixture was
refluxed for 0.5 h, ethyl(5-bromovalerate) (3.50 g, 16.6 mmol)
was added to the suspension, and the refluxing was continued
for 6 d. The solvent was removed in vacuum and the residue
dissolved in chloroform (100 cm?). The organic solution was
washed with 1 N HCl and water, dried over MgSQO,, filtered and
evaporated. The crude product was crystallized from CH;CN.
2a was obtained as a white powder (0.53 g, 42%); mp 209-
211 °C; (du (200 MHz; CDCl;) 6.93 (8H, s, ArH), 4.15 (8H,
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q, J 7.3, OCH,CH,), 3.69 (8H, s, ArCH,Ar), 3.40 (8H, t,
J 7.8, OCH,CH,), 2.21 (8H, t, J 8.30, C(O)CH,), 1.55-1.43
(8H, m, CH,), 1.31-1.21 (56H, m, CH,, OCH,CH,, C(CH,),);
(3¢ (100 MHz; CDCL,) 173.4, 154.6, 143.4, 133.0, 126.2, 70.3,
60.3, 38.8, 34.1, 33.8, 31.7, 29.2, 21.3, 14.2; m/z (FD) 1160.6
(100%) [M*].

Calix|[4]arene 2b. A solution of NaOH (0.25 g, 6.25 mmol)
in MeOH (6 cm*) and H,O (2 cm®) was added to the solution of
calixarene 2a (0.45 g, 0.39 mmol) in THF (30 cm?). The reaction
mixture was stirred 12 h at room temperature. 1 N HCI (5 cm?)
was added to neutralize the excess of NaOH and the mixture
was concentrated to ca. 10 cm® under reduced pressure. After
the addition of CHCL,-THF = 2 : 1 (40 cm®) the solution was
washed with brine (3 x 15 cm?), dried over MgSOQ,, filtered and
evaporated. 2b (0.39 g, 95%) was obtained as a white powder;
mp 280-282 °C; (Jy (400 MHz; CDCl;) 11.98 (4H, s, COOH),
6.94 (8H, s, ArH), 3.71 (8H, s, ArCH,Ar), 3.40 (8H, t, J 7.4,
OCH,), 2.06 (8H, t, J 7.8, C(O)CH,), 1.37-1.32 (8H, m, CH,),
1.22 (36H, s, C(CH);), 1.17-1.07 (8H, m, CH,); (0 (100 MHz;
CDCly),: 174.6,154.7, 143.1, 133.2, 125.9, 69.9, 38.6, 34.1, 34.0,
31.9, 29.0, 21.4; m/z (FD) 1048.6 (100%) [M*].

General procedure for the synthesis of calixarenes 4

A suspension of 3 (3.87 mmol) and NaH (5.03 mmol) in DMF
(90 cm?) was stirred for 1 h at room temperature. After addition
of the alkylating agent (5.03 mmol) the stirring was continued
for 72 h. The excess of NaOH was neutralized by acetic acid and
water (120 cm?) was added.

Calixarene 4a. was synthesized using ethyl(5-bromo-
valeriate). The precipitate was filtered off, washed with water
and dried. The crude product was dissolved in CHCI; (100 cm?),
washed with water, dried over MgSO, and filtered. The filtrate
was evaporated and the residue was recrystallized from CH;CN.
4a was obtained as a white powder (98%); mp 74-76 °C; dy
(400 MHz; CDCl,) 6.77 (4H, s, ArH), 6.75 (4H, s, ArH), 4.39
(2H, d, J 12.5, ArCH,Ar), 4.37 (2H, d, J 12.5, ArCH,Ar), 4.14
(2H, q,J 7.0, OCH,CH,), 3.86 2H, t, J 7.4, OCH,), 3.82-3.77
(6H, m, OCH,CH,), 3.10 (4H, d, J 12.5, ArCH,Ar), 2.38 (2H,
t,J 7.4, C(O)CH,), 2.06-1.96 (8H, m, CH,), 1.82-1.71 (2H, m,
CH,),1.26(3H,t,J 7.0,0CH,CH;), 1.07 (18H, s, C(CH>)5), 1.05
(18H, s, C(CH;)5), 0.98 (9H, t, J 7.3, CH,CH;); . (100 MHz;
CDCl,) 173.6, 153.7, 144.3, 144.2, 133.9, 133.8, 133.7, 124.9,
74.6,60.3, 34.4,33.8, 31.5,31.1,29.7,23.4,21.7,14.3,10.3; m/z
(FD) 902.9 (100%) [M~].

Calixarene 4b. was synthsized using ethyl(w-bromododeca-
noate). The product was extracted from the milky suspension
with CHCl; (3 x 30 cm®). The chloroform layer was separated,
dried over MgSO, and evaporated. The residue was triturated
three times with CH;CN to extract the alkylating agent from
the oily mass. The residue was dried in the vacuum of an oil
pump. 4a was obtained as a yellow oil (80%); dy (400 MHz;
CDCl,) 6.76 (8H, s, ArH), 4.40 (4H, d, J 12.7, ArCH,Ar), 4.11
(2H, q, J 7.3, OCH,CH,), 3.83-3.79 (8H, m, OCH,CH,), 3.10
(4H, d, J 12.7, ArCH,Ar), 2.28 (2H, t, J 7.3, C(O)CH,), 2.03—
1.99 (8H, m, CH,), 1.37-1.24 (14H, m, CH,), 1.24 3H, t, J 7.3,
OCH,CH,), 1.07(36H, s, C(CH});),0.99 (9H, t, J 7.3, CH,CH,);
Jc (100 MHz; CDCly) 173.8, 153.8, 153.7, 144.1, 133.8, 124.9,
77.0,75.4,60.1, 34.4,33.8,31.5,31.1, 30.3,29.8, 29.5, 29.3, 29.2,
26.3, 25.0,23.3, 23.3, 14.3, 10.4; m/z (FD) 988.4 (100%) [M"].

Calix[4]arene 4c. was synthesized using N-(w-bromo-
dodecyl)phthalimide. The solvents were poured off and the
residual oil was dissolved in chloroform (100 c¢cm?®), washed
with water, dried over MgSO, and filtered. The filtrate was
evaporated. 4¢ was either purified by column chromatography
(THF-hexane = 1 : 10) and obtained as a yellow oil (90%)
or by treatment with CH;CN (as described for 4b) (50%); dy
(200 MHz; CDCl;) 7.85-7.82 (2H, m, ArH ), 7.71-7.67 (2H,
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m, ArH,,), 6.77 (8H, s, ArH), 4.41 (4H, d, J 12.2, ArCH,Ar),
3.84-3.77 (8H, m, OCH.,), 3.68 (2H, t, J 7.3, NCH,), 3.11 (4H,
d, J 12.2, ArCH,Ar), 2.07-1.95 (8H, m, CH.), 1.70-1.66 (2H,
m, CH.,), 1.34 (12H, br s, CH,), 1.08 (36H, s, C(CH.);), 0.99
(9H, t, J 7.3, CH.,); dc (100 MHz; CDCl,) 168.4, 153.8, 153.7,
153.7, 144.1, 133.8, 132.2, 124.8, 123.1, 77.2, 76.9, 76.7, 75.4,
38.1, 33.8, 31.5, 31.1, 30.2, 29.8, 29.7, 29.5, 29.2, 28.6, 26.9,
26.2,23.3,23.2,10.3, 10.3; m/z (FD) 1061.3 (100%) [M*].

General procedure for the synthesis of Sa—c by ipso-nitration

Calix[4]arene 4 (2.44 mmol) was dissolved in CH,Cl, (50 cm?)
and acetic acid (3.7 cm®). Fuming HNO; (3 cm?®) was added
with intensive stirring. The solution became dark immediately
and stirring was continued for approximately 2 h at room
temperature. The reaction mixture was diluted with water
(40 cm?), the organic layer was separated, washed with water
(5 x 25 cm?®), dried over MgSO, and filtered.

Calix|[4]arene 5a. The filtrate was concentrated to approx-
imately 10-15 cm?® and the product was precipitated with
methanol. 5a (85%) was obtained as a yellow powder; mp 230—
232 °C; dy (400 MHz; CDCl;) 7.60 (4H, s, ArH), 7.52 (4H, s,
ArH), 451 (2H, d, J 14.1, ArCH,Ar), 449 (2H, d, J 14.1,
ArCH,Ar), 4.13 (2H, q, J 6.8, OCH,CH;), 4.00-3.91 (8H, m,
OCH,CH,), 3.40 (4H, d, J 14.1, ArCH,Ar), 2.37 2H, t, J 7.3,
C(O)CH,), 1.93-1.84 (8H, m, CH,), 1.77-1.69 (2H, m, CH,),
1.25 (3H, t, J 6.8, OCH,CH;), 1.04-0.97 (9H, m, CH,CH,);
dc (100 MHz; CDCly) 172.8, 161.7, 161.6, 161.4, 142.9, 135.5,
135.4,135.3,124.1,123.9,77.7,75.6, 60.5, 33.8, 31.1, 29.5, 23.2,
21.3,14.2,10.2, 10.1; m/z (FD) 858.5 (100%) [M*].

Calix[4]arene 5b. The solvent was evaporated, the residue
was triturated with methanol and filtered. 5b (65%) was obtained
as a yellow powder; mp 145-147 °C; Jy (400 MHz; CDCl;)
7.56 (8H, s, ArH), 4.51 (4H, d, J 13.7, ArCH,Ar), 4.10 (2H, q,
J 7.0, OCH,CH;), 3.99-3.92 (8H, m, OCH,CH,), 3.39 (4H, d,
J13.7, ArCH,Ar),2.27 (2H, t, J 7.4, C(O)CH,), 1.95-1.86 (8H,
m, CH,), 1.60-1.51 2H, m, CH,), 1.34-1.25 (12H, m, CH,),
1.24 (3H, t, J 7.0, OCH,CH), 1.00 (9H, t, J 7.4, CH,CH); o
(100 MHz; CDClL;) 173.8, 161.7, 142.8, 135.4, 123.9, 77.7, 76.2,
60.1, 34.3, 31.1, 30.1, 29.6, 29.5,29.3,29.2,29.1, 25.9, 24.9, 23.2,
14.2, 10.1; m/z (FD) 944.0 (100%) [M*].

Calix|[4]arene Sc. The filtrate was evaporated, the residue
was triturated with methanol and filtered. Sc (65-75%) was
obtained as a yellow powder; mp 127-129 °C; oy (200 MHz;
CDCl;) 7.85-7.82 (2H, m, ArH ), 7.71-7.69 (2H, m, ArH ),
7.55 (8H, s, ArH), 4.50 (4H, d, J 14.1, ArCH,Ar), 4.00-3.90
(8H, m, OCH,), 3.65 (2H, t, J 7.3, NCH,), 3.39 (4H, d, J 14.1,
ArCH,Ar), 1.94-1.84 (8H, m, CH,), 1.63 (2H, br s, CH,), 1.29
(12H, br s, CH,), 1.00 (9H, t, J 7.3, CH,CH,); . (100 MHz;
CDCl;) 168.5, 161.7, 142.9, 135.4, 133.9, 132.1, 124.0, 123.1,
77.7, 76.2, 38.0, 31.6, 31.1, 30.1, 29.5, 29.5, 29.4, 29.1, 28.6,
26.8, 25.9, 23.2, 22.6, 14.1, 10.1; m/z (FD) 1015.7 (100%)
[M*].

Deprotection of calix|4]arene 5c

Calix[4]arene 5¢ (2.00 g, 1.96 mmol) was dissolved in EtOH
(80 cm?®) and hydrazine monohydrate (18.7 g (18.1 cm?), 0.36
mol) was added. The solution was refluxed for 4 h and
concentrated to 50 cm®. A product started to precipitate and
the solution was cooled to 30 °C. The precipitate was filtered
off, washed with water (3 x 10 cm®) and ethanol (2 x 10 cm?)
and dried. The desired monoamine (1.30 g, 75%) was obtained
as an orange powder; mp 227-229 °C; dy, (400 MHz; CDCl;) 7.57
(4H, s, ArH), 7.55(4H, s, ArH), 4.51 (4H, d, J 14.2, ArCH,Ar),
3.99-3.92 (8H, m, OCH,), 3.39 (4H, d, J 14.2, ArCH,Ar), 2.68
(2H, t, J 6.8, NCH,), 1.92-1.87 (8H, m, CH,), 1.43-1.29 (14H,
brs, CH,), 1.01 9H, t, J 7.3, CH,CH); d. (100 MHz; CDCl;)
161.6, 161.6, 142.9, 135.4, 135.8, 124.0, 124.0, 77.7, 76.2, 42.1,





33.5,31.1, 30.1,29.6, 29.5, 29.4, 26.9, 25.9, 23.2, 23.2, 10.3; m/z
(FD) 886.9 (54.8%) [M*], 1771 (100%) [2M*].

Calix|[4]arene 5d

The monoamine obtained after deprotection of 5¢ (1.30 g, 1.47
mmol) was dissolved in CHCI; (50 cm?®) and Boc-anhydride
(0.42 g, 1.91 mmol) was added. The solution was refluxed for
8 h, concentrated to 5 cm® and hexane (25 cm?) was added. The
precipitate was filtered off, washed with hexane and dried. 5d
(1.29 g, 89%) was obtained as a yellow powder; mp 105-107 °C;
Ju (400 MHz; CDCl;) 7.57 (4H, s, ArH), 7.56 (4H, s, ArH),
4.52 (1H, br s, NH), 4.52 (2H, d, J 14.2, ArCH,Ar), 4.50 (2H,
d, J 14.2, ArCH,Ar), 3.99-3.92 (8H, m, OCH,), 3.39 (4H, d,
J 142, ArCH,Ar), 3.10-3.06 (2H, m, NHCH,), 1.93-1.86 (8H,
m, CH,), 1.44-1.28 (14H, m, CH,), 1.43 (9H, s, OC(CH;)5),
1.01 9H, t, J 7.4, CH,CH); d (100 MHz; CDCI;) 161.7, 161.7,
161.6, 142.9, 135.4,124.0, 77.7, 76.2, 40.6, 31.1, 30.1, 29.6, 29.5,
29.5,29.2,28.4,27.4,26.8,25.9,23.3,23.2,10.2, 10.1; m/z (FD)
986.7 [M*].

Calix|4]arene Se

The monoamine obtained from Sc¢ (1.17 g, 1.46 mmol) was
dissolved in THF (25 cm?) and trifluoroacetic acid anhydride
(0.034 g (0.022 cm®), 0.16 mmol) was added to the solution.
The reaction mixture was stirred at room temperature for 2 h
and then concentrated to 5 cm® in vacuum. The residue was
precipitated with Et,0. 5e (1.10 g, 85%) was obtained as a light
yellow powder; mp 104-106 °C; Jy (400 MHz; CDCl,) 7.54
(4H, s, ArH), 7.53 (4H, s, ArH), 6.43 (1H, s, NH), 4.51 (4H, d,
J 14.1, ArCH,Ar), 4.00-3.93 (8H, m, OCH,), 3.39 (4H, d,
J 14.1, ArCH,Ar), 3.34 (2H, dt, J 7.0, J 7.0, NHCH,), 1.92—
1.87 (8H, m, CH,), 1.60-1.55 2H, m, CH,), 1.37-1.28 (12H, m,
CH,), 1.00 9H, t, J 7.4, CH,CH;); . (100 MHz; CDCl;) 161.7,
157.1 (q, J 37.0), 142.8, 135.4, 123.9, 115.8 (q, J 287.6), 77.7,
76.2,39.9,31.1,30.0, 29.5, 29.3, 29.1, 28.9, 26.6, 25.9, 23.2, 10.1;
m/z (FD) 981.5 (100%) [M*].

General procedure for the synthesis of 6

Calix[4]arene 5 (1.16 mmol) was dissolved in the mixture of
toluene—ethanol = 5 : 1 (30 cm®) (for 6a THF was used instead)
and hydrogenated in the presence of Raney-Ni during 14 h at
room temperature under normal pressure. The progress of the
reaction was monitored by TLC in THF. Finally the catalyst was
filtered off, washed with THF (2 x 10 cm?®), and the combined
organic solution was evaporated under reduced pressure.

Calix[4]arene 6a. The residue was triturated with hexane
and filtered; 5 (65%) was obtained as a brown powder; mp 170—
172 °C (decomp.); 0y (200 MHz; CDCl;) 6.04 (8H, s, ArH), 4.29
(2H, d, J 13.2, ArCH,Ar), 4.26 (2H, d, J 13.2, ArCH,Ar), 4.12
(2H, q, J 6.8, OCH,CH,), 3.77-3.66 (8H, m, OCH,CH,), 2.90
(4H, d, J 13.2, ArCH,Ar), 2.73 (8H, br s, NH,), 2.33 (2H, t,
J 7.3, C(O)CH,), 1.89-1.70 (10H, m, CH,), 1.24 3H, t, J 6.8,
OCH,CH,),0.93 (9H, t, J 7.3, CH,CH); 6 (100 MHz; CDCl;)
173.5, 150.1, 150.0, 140.2, 140.0, 135.6, 115.9, 76.7, 74.3, 60.2,
34.3, 31.1, 29.5, 23.1, 21.7, 14.2, 10.3; m/z (FD) 738.7 (100%)
[M*].

Calix|[4]arene 6b. The residue was crystallized from CH;CN;
6b (60%) was obtained as a brown powder; mp 150-152 °C;
(400 MHz; CDCl,) 6.07 (4H, s, ArH), 6.05 (4H, s, ArH), 4.28
(4H,d, J 13.2, ArCH,Ar),4.11 (2H, q, J 6.8, OCH,CH,), 3.73—
3.68 (8H, m, OCH,CH,), 3.26 (8H, br s, NH,), 2.90 (4H, d,
J13.2, ArCH,Ar),2.27 (2H, t,J 7.3, C(O)CH,), 1.87-1.80 (8H,
m, CH,), 1.64-1.58 (2H, m, CH,), 1.32-1.24 (12H, m, CH,),
1.24 (3H, t, J 6.8, OCH,CH,), 0.93 9H, t, J 7.3, CH,CH;); o¢
(100 MHz; CDCl,) 173.9, 150.2, 140.1, 135.7, 135.6, 115.8, 76.7,
75.1,60.1,34.4,31.1,30.1, 29.7,29.5,29.3,29.2, 26.2, 25.0, 23.1,
14.3, 10.4; m/z (FD) 822.7 (100%) [M*].

Calix[4]arene 6¢c. (0.38 g, 85%) was obtained as a brown
powder; mp > 240 °C (decomp.); oy (200 MHz; CDCl;) 7.84—
7.81 2H, m, ArH ), 7.71-7.68 (2H, m, ArH,), 6.05 (4H, s,
ArH), 6.03 (4H, s, ArH), 4.29 (4H, d, J 13.2, ArCH,Ar), 3.74-
3.62 (10H, m, OCH,, NCH,), 2.90 (4H, d, J 13.2, ArCH,Ar),
1.90-1.79 (8H, m, CH,), 1.69-1.63 (2H, m, CH,), 1.29 (12H,
brs, CH,),0.93(9H, t,J 7.3, CH,CH;); m/z (FD) 896.1 (100%)
[M].

Calix[4]arene 6d. The hydrogenation was carried out at
40 °C; 6d (98%) was obtained as a brown powder; mp 115-
117 °C; dy (400 MHz; CDCl,) 6.06 (4H, s, ArH), 6.03 (4H, s,
ArH),4.47(1H,brs,NH),4.30(4H,d, J 13.2, ArCH,Ar), 3.77-
3.68 (8H, m, OCH,), 3.10-3.06 (2H, m, NHCH,), 2.90 (4H, d,
J 13.2, ArCH,Ar), 2.71 (8H, br s, NH,), 1.88-1.82 (8H, m,
CH,), 1.43 (9H, s, OC(CH,);), 1.33 (4H, s, CH,), 1.28 (10H, s,
CH,),0.94 (9H, t, J 7.3, CH,CH,); . (100 MHz; CDCl;) 156.0,
150.2,140.2,135.7,135.6,115.8,76.7,75.0,40.7, 31.2,30.1,29.7,
29.6, 29.3, 28.4, 26.8, 26.2, 23.1, 10.4; m/z (FD) 865.9 (100%)
[M*].

Calix|[4]arene 6e. The hydrogenation was carried out at
40 °C; the residue was reprecipitated from toluene (3-5 cm?)
with hexane. 6e (92%), was obtained as a white powder; mp
130-132 °C; 04 (400 MHz; CDCl;) 6.43 (1H, s, NH), 6.08 (4H, s,
ArH), 6.02 (4H, s, ArH), 4.29 (4H, d, J 13.3, ArCH,Ar), 3.75-
3.68 (8H, m, OCH,), 3.34-3.20 (10H, m, NH,, NHCH,), 2.90
(4H, d, J 13.3, ArCH,Ar), 1.89-1.78 (8H, m, CH,), 1.58-1.50
(2H, m, CH,), 1.38-1.25 (12H, m, CH,), 0.96-0.91 (9H, m,
CH,CH.,); é- (100 MHz; CDCl,) 157.1 (q, J 37.0), 150.1, 140.0,
135.7, 135.5, 115.9 (q, J 287.8), 115.8, 76.6, 74.9, 39.9, 31.1,
30.0, 29.5, 29.3, 29.1, 28.9, 26.6, 26.1, 23.0, 10.3; m/z (FD)
863.3 (100%) [M*].

General procedure for the synthesis of calixarenes 7

The tetraamine 6 (0.65 mmol) was dissolved in CH,Cl, (25 cm?).
After addition of the respective isocyanate (5.24 mmol) the
solution was stirred for 6 h.

Calix[4]arene 7a. After the addition of MeOH (30 cm’®) the
solution was concentrated to ca. 15 cm?. The precipitate formed
was filtered, washed with MeOH and dried in air. 7a (95%)
was obtained as a white powder; mp > 290 °C (decomp.); Jy
(300 MHz; DMSO-d) 8.22 (4H, s, NH), 8.16 (4H, s, NH), 7.22
(8H, d, J 8.3, ArHy,), 7.02 (8H, d, J 8.3, ArHy,), 6.81 (4H, s,
ArH), 6.80 (4H, s, ArH), 4.34 (2H, d, J 12.6, ArCH,Ar), 4.31
(2H, d, J 12.6, ArCH,Ar), 4.07 (2H, q, J 7.0, OCH,CH;), 3.84—
3.74 (8H, m, OCH,CH,), 3.10 (4H, d, J 12.6, ArCH,Ar), 2.37
(2H, t, J 7.0, C(O)CH,), 2.21 (12H, s, ArCH), 1.96-1.85 (8H,
m, CH,), 1.73-1.65(2H, m, CH,), 1.19 (3H, t,J 7.0, OCH,CH,),
1.00-0.94 (9H, m, CH,CH;); o (100 MHz; DMSO-d,) 172.6,
152.4,150.9,137.2,134.3,133.4,130.2,129.0, 118.1, 118.0, 76.4,
74.3, 59.6, 33.5, 30.6, 29.0, 22.6, 21.2, 20.2, 14.1, 10.1; m/z
(MALDI TOF) 1295.2 (100%) [M*Na].

Calix|[4]arene 7b. The reaction mixture was concentrated to
3 cm?®, MeOH was added, and the precipitate was filtered off
and washed with MeOH. 7b (80%) was obtained as a white
powder; mp 225-227 °C; §,; (300 MHz; DMSO-d;) 10.19 (4H, s,
NH), 843 (4H,s,NH), 7.82 (8H, d, J 8.4, ArHy,), 7.42 (8H, d,
J 8.4, ArH,), 6.61 (4H, s, ArH), 6.60 (4H, s, ArH), 4.21 (2H,
d,J 12.5, ArCH,Ar),4.18 2H, d, J 12.5, ArCH,Ar), 4.02 (2H,
g, J 7.0, OCH,CH;), 3.74-3.64 (8H, m, OCH,CH,), 3.10 (4H,
d, J 12.5, ArCH,Ar), 2.40 (12H, s, ArCH;), 2.31 2H, t, J 7.4,
C(O)CH,), 1.86-1.74 (8H, m, CH,), 1.65-1.55 2H, m, CH,),
1.16 (3H, t, J 7.0, OCH,CH;), 0.92-0.86 (9H, m, CH,CH,;); o
(100 MHz; DMSO-d,) 172.5, 151.9, 151.8, 148.9, 143.7, 137.1,
134.3,131.6,129.4,127.4,118.9,76.3,74.2,59.6,33.3,30.2, 28.8,
22.5,21.1, 21.0, 14.0, 10.0.

Calix[4]arene 7c. was obtained by the procedure described
for 7a as a light brown powder (95%); mp 193-195 °C; dy
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(400 MHz; DMSO-d,) 8.22 (2H, s, NH), 8.19 (2H, s, NH),
8.17 2H, s, NH), 8.13 (2H, s, NH), 7.23-7.19 (8H, m, ArHx,),
7.02(8H, d, J 6.9, ArHy,), 6.81 (4H, s, ArH), 6.75 (4H, s, ArH),
4.33 (4H, d, J 12.7, ArCH,Ar), 4.04 2H, q, J 6.8, OCH,CH,),
3.82-3.75 (8H, m, OCH,CH,), 3.10 (4H, d, J 12.7, ArCH,Ar),
2.26 (2H, t, J 6.8, C(O)CH,), 2.21 (12H, s, ArCH.), 1.96-1.85
(8H, m, CH.,), 1.52-1.35 (14H, m, CH.,), 1.17 (3H, t, J 6.8,
OCH,CH.),0.96 (9H, t, J 7.3, CH,CH.); d (100 MHz; DMSO-
dy) 172.8, 152.4, 151.1, 150.9, 150.8, 137.2, 134.4, 134.1, 133.4,
133.4,130.1,129.0, 118.1,117.9, 76.4, 76.3, 74.8, 59.5, 33.4, 30.6,
29.5,29.0,28.9,28.8, 28.5, 28.3, 25.6, 24.4, 22.7,22.6, 20.2, 14.0,
10.2, 10.0; m/z (ESI) 1377.9 (100%) [M*Na].

Calix[4]arene 7d. was obtained by the procedure described
for 7b as a white powder (80%); mp 211-213 °C; 6, (400 MHz;
DMSO-d¢) 10.18 (4H, s, NH), 8.44 (2H, s, NH), 8.40 (2H, s,
NH), 7.82 (4H, d, J 8.2, ArH,), 7.81 (4H, d, J 8.2, ArH,),
7.43 (8H,d, J 8.2, ArHy,), 6.64 (4H, s, ArH), 6.58 (4H, s, ArH),
4.21 (4H, d, J 12.9, ArCH,Ar), 4.03 (2H, q, J 7.0, OCH,CH,),
3.72-3.64 (8H, m, OCH,CH,), 3.02 (4H, d, J 12.9, ArCH,Ar),
2.40 (12H, s, ArCHs5), 2.24 (2H, t, J 7.0, C(O)CH,), 1.82-1.77
(8H, m, CH,), 1.46 (2H, br s, CH,), 1.27-1.21 (12H, m, CH,),
1.12 (3H, t, J 7.0, OCH,CH,), 0.89-0.84 (9H, m, CH,CH.); o
(100 MHz; DMSO-d¢) 173.3, 152.5, 152.3, 149.5, 144.2, 137.7,
135.0, 134.7, 132.2, 129.9, 127.9, 126.1, 119.4, 76.9, 76.7, 75.3,
60.0, 33.9, 31.1, 30.8, 29.9, 29.5, 29.4, 29.2, 29.0, 28.8, 26.0,
24.9,23.1, 23.0, 21.5, 14.6, 10.6, 10.5; m/z (ESI) 1633.7 (100%)
[M*Na].

Calix[4]arene 7e. The tetraamine 6b (0.16 g, 0.20 mmol) was
dissolved in THF (25 cm?®). The corresponding active urethane
(0.35 g, 0.84 mmol) and Et;N (0.2 cm®) were added to the
solution and the reaction mixture was refluxed for 12 h. After
cooling methanol was added to form a precipitate which was
filtered off and washed with Et,0. 7e (0.30 g, 79%) was obtained
as white powder; mp 162-164 °C; §; (400 MHz; DMSO-d;
75°C) 7.92 (2H, s, NH), 7.91 (2H, s, NH), 7.88 (2H, s, NH),
7.86 (2H, s, NH), 7.22 (4H, d, J 9.0, ArHy,), 7.21 (4H, d, J 9.0,
ArHy,), 6.84-6.77 (16H, m, ArHy,, ArH), 4.40 (4H, d, J 12.9,
ArCH,Ar), 4.07 (2H, q, J 7.1, OCH,CH,;), 3.95-3.82 (16H,
m, OCH,), 3.10 (4H, d, J 12.9, ArCH,Ar), 2.26 2H, t, J 7.2,
C(O)CH,), 1.96-1.87 (8H, m, CH,), 1.72-1.65 (8H, m, CH,),
1.60-1.55 (2H, m, CH,), 1.43-1.38 (8H, m, CH,), 1.29 (60H,
br s, CH,), 1.19 (3H, t, J 7.1, OCH,CH;), 1.03-0.98 (9H, m,
(CH,),CH), 0.89-0.86 (12H, m, O(CH,),CH); d- (100 MHz;
DMSO-dg; 75°C) 172.3, 153.4,152.2, 150.7, 150.7, 133.8, 133.7,
133.0, 132.5, 119.7, 119.5, 118.1, 114.3, 75.8, 75.7, 74.1, 67.6,
58.9, 33.1, 30.6, 30.3, 29.0, 28.4, 28.3, 28.3, 28.1, 28.0, 25.1,
24.9,23.9,22.1,22.0,21.3,13.4,13.1,9.6,9.5; m/z (ESI) 1947.1
(20%) [M*Nal.

Calix[4]arene 7f. MeOH was added to the solution and the
solvents were evaporated. The residue was triturated with hexane
and filtered off. 7f (65%) was obtained as a white powder; mp
230-232 °C; oy (400 MHz; DMSO-d,; 100 °C) 7.91 (2H, s, NH),
7.88 (2H, s, NH), 6.73 (4H, s, ArH), 6.68 (4H, s, ArH), 5.80—
5.74 (4H, m, NH), 4.28 (4H, d, J 11.0, ArCH,Ar), 4.03 (2H,
q,J 7.0, OCH,CHj;), 3.76-3.70 (8H, m, OCH,CH,), 3.01-2.98
(12H, m, ArCH,Ar, NHCH,), 2.25 2H, t, J 7.2, C(O)CH,),
1.91-1.85 (8H, m, CH,), 1.54-1.51 2H, m, CH,), 1.36-1.27
(36H, m, CH,), 1.16 (3H, t, J 7.0, OCH,CH;), 0.97-0.91 (9H,
m, (CH,),CH;), 0.88-0.85 (12H, m, (CH,),,CH); d (100 MHz;
DMSO-dg; 100 °C) 172.7, 155.1, 150.5, 150.3, 150.3, 134.1,
134.0, 133.9, 117.8, 76.3, 76.2, 74.7, 59.5, 38.9, 33.4, 30.6, 29.4,
29.0,28.9,28.8,28.5,28.3,25.6,24.3,22.6,22.5,21.8,14.0, 13.8,
10.1, 10.0; m/z (ESI) 1297.9 (100%) [M*Na].

Calix[4]arene 7g. The product was precipitated directly from
the reaction mixture with CH;CN, filtered, washed twice with
CH;CN, and dried in air. 7h (85%) was obtained as a yellow
powder; mp 193-195 °C; §y; (400 MHz; DMSO-d,; 100 °C) 7.50
(4H, m, NH), 6.71 (4H, s, ArH), 6.69 (4H, s, ArH), 5.55 (4H,
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m, NH), 4.37 (4H, d, J 12.9, ArCH,Ar), 4.08 (2H, q, J 7.0,
OCH,CH,), 3.87-3.80 (8H, m, OCH,CH,), 3.07-3.01 (12H, m,
ArCH,Ar, NHCH,), 2.26 (2H, t, J 7.2, C(O)CH.,), 1.93-1.84
(8H, m, CH,), 1.61-1.56 (2H, m, CH.), 1.42 (8H, m, CH,), 1.27
(84H, m, CH,), 1.20 (3H, t, J 7.0, OCH,CH), 1.01-0.97 (9H,
m, (CH,),CH), 0.90-0.87 (12H, m, (CH,),,CH.); . (100 MHz;
DMSO-d; 100 °C) 171.8, 154.7, 150.3, 133.5, 133.4, 118.1, 75.5,
75.4,73.8, 58.6, 38.6, 33.0, 30.5, 30.3,29.3, 28.8, 28.2, 28.0, 27.8,
27.7,25.7,25.0,23.7,21.9, 21.8, 21.1, 13.2, 12.8, 9.3; m/z (ESI)
1691.4 (100%) [M*Na].

Calix[4]arene 7h. MeOH (30 cm®) was added to the solution
and the solvents were evaporated. The crude product was
reprecipitated from CHCl;-hexane and then from CHCl—
MeOH. 7h (85%) was obtained as a yellow powder; mp 175-
177 °C; 0y (200 MHz; DMSO-d¢) 8.24 (2H, s, NH), 8.21 (2H, s,
NH), 8.18 (2H, s, NH), 8.16 (2H, s, NH), 7.85-7.82 (4H, m,
ArH,,), 7.22 (4H, d, J 8.3, ArHy,), 7.21 (4H, d, J 8.3, ArH ),
7.02(8H,d, J 8.3, ArHy,), 6.84 (4H, s, ArH), 6.77 (4H, s, ArH),
4.33 (4H, d, J 13.2, ArCH,Ar), 3.80-3.70 (8H, m, OCH,), 3.56
(2H, t, J 6.8, NHCH,), 3.10 (4H, d, J 13.2, ArCH,Ar), 2.21
(12H, s, ArCH;), 1.95-1.84 (8H, m, CH,), 1.61-1.56 (2H, m,
CH,), 1.29 (12H, br s, CH,), 0.99-0.92 (9H, m, CH,CH); J.
(100 MHz; DMSO-d¢) 168.4, 153.0, 151.6, 151.4, 137.7, 134.9,
134.8, 134.7, 134.0, 133.9, 132.1, 130.7, 129.5, 123.4, 118.6,
118.5, 77.0, 76.8, 75.3, 37.8, 31.9, 30.0, 29.5, 29.4, 29.3, 29.0,
28.3, 26.7, 26.1, 23.2, 23.1, 20.8, 10.7, 10.6; m/z (FD) 1428.6
(5.6%) [M*].

Calix[4]arene 7i. MeOH (30 cm?®) was added to the solution
and the solvents were evaporated. The crude product was
reprecipitated from CHCL,—MeOH. 7i (87%) was obtained as a
yellow powder; mp > 247 °C (decomp.); dy; (400 MHz; DMSO-
ds) 8.22 (2H, s, NH), 8.19 (2H, s, NH), 8.16 (2H, s, NH),
8.12 (2H, s, NH), 7.22 (4H, d, J 7.3, ArHy,), 7.20 (4H, d,
J 1.3, ArHy,), 7.02 (8H, d, J 7.3, ArHy,), 6.84 (4H, s, ArH),
6,78 (4H, s, ArH), 6.71 (1H, s, NHBoc), 4.34 (4H, d, J 11.7,
ArCH,Ar), 3.81-3.75 (8H, m, OCH,), 3.10 (4H, d, J 11.7,
ArCH,Ar), 2.90-2.87 (2H, m, NCH,), 2.21 (12H, s, ArCH,),
1.95-1.86 (8H, m, CH,), 1.40-1.26 (23H, m, CH,, OC(CH,);),
1.01-0.95 (9H, m, CH,CH); d. (100 MHz; DMSO-d,) 155.5,
152.4, 151.1, 150.9, 150.9, 137.2, 134.4, 134.2, 133.5, 133.4,
130.2, 129.0, 118.1,117.9,77.1, 76.4, 76.3, 74.8, 30.6, 29.5, 29.4,
29.1,29.0, 28.7, 28.2, 26.2, 25.6, 22.7, 22.6, 20.2, 10.2, 10.0.

Calix[4]arene 7j. The tetraamine 6e (0.64 g, 0.74 mmol) was
dissolved in CH,Cl, (30 cm®) and THF (5 cm®). Tolyl isocyanate
(0.79 g (0.74 cm?), 6.00 mmol) was added to the solution and
the reaction mixture was stirred for 6 h and then evaporated.
Reprecipitation of the product with MeOH from THF (5 cm?)
yielded compound 7j (90%) as a white powder; mp 202-204 °C;
oy (400 MHz; DMSO-d;) 9.36 (1H, s, CF;C(O)NH), 8.22 (2H, s,
NH),8.19(2H,s,NH),8.16(2H,s,NH),8.12(2H,s,NH), 7.24—
7.20 (8H, m, ArHr,), 7.04-6.99 (8H, m, ArH+,), 6.84 (4H, s,
ArH), 6,78 (4H, s, ArH), 4.34 (4H, d, J 12.5, ArCH,Ar), 3.83—
3.74 (8H, m, OCH,), 3.17 2H, dt, J 6.7, J 6.7, NHCH,), 3.10
(4H,d, J 12.5, ArCH,Ar), 2.21 (12H, s, ArCH;), 1.97-1.86 (8H,
m,CH,), 1.52-1.28 (14H, m, CH,), 1.00-0.95 (9H, m, CH,CH,);
m/z (ESI) 1416.7 (100%) [M*Nal.

General procedure for synthesis of 8a,c,e-h

A solution of NaOH (4.6 mmol) in MeOH-H,O0 = 3 : 1
(8 cm?®) was added to the solution of calixarene 7 (0.46 mmol)
in THF (30 cm?). The reaction mixture was stirred 6 h at room
temperature and acetic acid was added to neutralize the excess of
NaOH. The reaction mixture was concentrated to ca. 5-10 cm?
and then water was added.

Calix|[4]arene 8a. The precipitate was filtered off and washed
with MeOH (5 cm®); 8a (65-90%) was obtained as a white
powder; mp > 230 °C (decomp.); d; (400 MHz; DMSO-d,) 12.07





(1H, s, COOH), 8.22 (4H, s, NH), 8.16 (4H, s, NH), 7.22 (8H,
d, J 8.2, ArHy,), 7.02 (8H, d, J 8.2, ArHy,), 6.81 (4H, s, ArH),
6.80 (4H, s, ArH), 4.34 (2H, d, J 12.6, ArCH,Ar), 4.32 (2H, d,
J12.6, ArCH,Ar),3.82-3.72(8H, m, OCH.,), 3.10 (4H, d, J 12.6,
ArCH,Ar), 2.30 (2H, t, J 7.4, C(O)CH.,), 2.21 (12H, s, ArCH),
1.96-1.85 (8H, m, CH,), 1.73-1.65 (2H, m, CH,), 0.97 (9H, t,
J 7.4, CH,CH,); 6. (100 MHz; DMSO-d,) 174.2, 152.4, 151.0,
137.2, 134.3, 133.4, 130.2, 129.0, 118.1, 118.0, 76.4, 74.4, 33.6,
30.6, 29.1, 22.6, 21.2, 20.2, 10.1; m/z (MALDI TOF) 1267.4
(100%) [M*Nal.

Calix[4]arene 8c. Initially an oil was formed. MeOH was
added and the mixture was left for 30 min in an ultrasonic bath
to form a solid precipitate, which was filtered off, washed with
MeOH (5 cm®) and dried in air. 8¢ (90%) was obtained as a
white powder; mp > 190 °C (decomp.); oy (400 MHz; DMSO-
d) 12.07 (1H, s, COOH), 8.22 (2H, s, NH), 8.19 (2H, s, NH),
8.16 (2H, s, NH), 8.12 (2H, s, NH), 7.23-7.19 (8H, m, ArH ),
7.02(8H,d,J 6.9, ArH,), 6.84 (4H, s, ArH), 6.77 (4H, s, ArH),
4.33 (4H, d, J 12.6, ArCH,Ar), 3.82-3.71 (8H, m, OCH,), 3.10
(4H, d, J 12.6, ArCH,Ar), 2.21 (12H, s, ArCH;), 2.18 (2H,
t, J 7.2, C(O)CH,), 1.96-1.85 (8H, m, CH,), 1.49-1.25 (14H,
m, CH,), 1.00-0.95 (9H, m, CH,CH,); 6. (100 MHz; DMSO-
de) 174.9, 152.9, 157.6, 151.4, 137.7, 134.9, 134.6, 133.9, 133.9,
130.6, 129.5,118.6, 118.4,76.9, 76.8, 75.3, 34.1, 33.7, 31.1, 30.0,
29.5, 29.2, 29.0, 26.1, 24.9, 23.2, 20.7, 10.7, 10.5; m/z (ESI)
1349.8 (100%) [M*Nal.

Calix|[4]arene 8e. The precipitate was filtered off and washed
with MeOH. 8e (70%) was obtained as a white powder; mp
171-173 °C; oy (400 MHz; DMSO-d,; 75 °C) 8.01 (4H, br s,
NH), 7.95 (4H, br s, NH), 7.23 (8H, m, ArHp,), 6.78 (16H,
m, ArHp,, ArH), 4.39 (4H, d, J 12.5, ArCH,Ar), 3.90 (16H, m,
OCH,),3.10(4H,d, J 12.5, ArCH,Ar), 1.19 2H, m, C(O)CH,),
1.90 (8H, m, CH,), 1.68 (8H, m, CH,), 1.55 (2H, m, CH,),
1.28 (68H, m, CH,), 1.00 (9H, m, (CH,),CH;), 0.87 (12H, m,
O(CH,),CH>); 6 (100 MHz; DMSO-d¢; 75 °C) 173.8, 153.4,
152.2, 150.7, 150.6, 133.8, 133.7, 133.0, 132.6, 119.6, 119.4,
118.1, 114.3, 75.8, 75.7, 67.5, 33.5, 30.6, 30.3, 29.0, 28.4, 28.3,
28.1, 28.0, 25.1, 24.9, 24.1, 22.1, 21.4, 13.1, 9.6, 9.5; m/z (ESI)
1919.1 (54%) [M*Nal.

Calix|[4]arene 8f. The precipitate was filtered off and washed
with acetone. 8f (70%) was obtained as a light beige powder;
mp 199-201 °C; oy (400 MHz; DMSO-ds) 7.92 (2H, s, NH),
7.88 (2H, s, NH), 6.73 (4H, s, ArH), 6.67 (4H, s, ArH), 5.79—
5.75 (4H, m, NH), 4.28 (4H, d, J 12.1, ArCH,Ar), 3.77-3.69
(8H, m, OCH,CH,), 3.01-2.97 (12H, m, ArCH,Ar, NHCH,),
2.18 (2H, t, J 7.8, C(O)CH,), 1.91-1.86 (8H, m, CH,), 1.49-
1.25 (38H, m, CH,), 0.97-0.92 (9H, m, (CH,),CH;), 0.88-
0.85 (12H, m, (CH,),,CH;); . (100 MHz; DMSO-d,) 174.4,
155.1,150.5, 150.4, 150.3, 134.2, 134.0, 133.9, 117.9, 76.4, 76.2,
74.7, 39.4, 33.6, 30.6, 29.4, 29.1, 29.0, 28.8, 28.7, 28.5, 25.6,
24.4,22.6,22.5,21.8,13.9, 10.2, 10.0; m/z (ESI) 1269.9 (100%)
[M*Na].

Calix|[4]arene 8g. The precipitate was filtered off and washed
with acetone. 8g (85%) was obtained as a light beige powder; mp
158-160 °C; 0y (400 MHz; DMSO-d,) 7.68 (2H, s, NH), 7.66
(2H, s, NH), 6.71 (4H, s, ArH), 6.68 (4H, s, ArH), 5.67 (4H,
m, NH), 4.33 (4H, d, J 12.9, ArCH,Ar), 3.84-3.76 (8H, m,
OCH,CH,), 3.02 (12H, m, ArCH,Ar, NHCH,), 2.18 (2H, t,
J 7.2, C(O)CH,), 1.91-1.85 (8H, m, CH,), 1.53 2H, m, CH,),
1.40 (8H, m, CH,), 1.27 (84H, m, CH,), 0.99-0.94 (9H, m,
(CH,),CHs), 0.89-0.85 (12H, m, (CH,),,CH;); d. (100 MHz;
DMSO-ds) 174.7, 155.5, 151.3, 151.2, 134.7, 134.5, 118.9, 76.8,
76.4,75.1,39.7,34.5,31.7,31.4,30.3,29.9,29.4,29.3,29.2, 29.1,
29.0,26.9,26.2,25.1,23.1,23.0,22.4, 14.1, 10.6, 10.5; m/z (ESI)
1663.3 (100%) [M*Na].

General procedure for the synthesis of tetratosylureas 8b,d

A solution of LiOH x H,O (2.56 mmol) in MeOH-H,O (8.5 :
2.5 cm®) was added to the solution of calixarene 7 (0.41 mmol)
in THF (25 cm?). The reaction mixture was stirred for 12 h and
acetic acid was added to neutralize the excess of LiOH.

Calix[4]arene 8b. CHCI; (40 cm®) and H,O (40 cm®) were
added to the solution; the organic layer was separated, washed
with water (2 x 15 cm®) and evaporated. The residue was
triturated with water, and a solid was filtered off and washed with
MeOH (5 cm®). 8b (60%) was obtained as a white powder; mp
217-219 °C; 6y (400 MHz; DMSO-d¢) 12.00 (1H, br s, COOH),
10.13 (4H, br s, NH), 8.42 (4H, s, NH), 7.82 (8H, d, J 8.2,
ArHx,), 742 (8H, d, J 8.2, ArHx,), 6.61 (4H, s, ArH), 6.60
(4H, s, ArH),4.20 (4H, d, J 12.9, ArCH,Ar), 3.72-3.67 (8H, m,
OCH,), 3.02 (4H, d, J 12.9, ArCH,Ar), 2.40 (12H, s, ArCH,;),
2.31(2H,t,J 7.1,C(O)CH,), 1.83-1.77 (8H, m, CH,), 1.62-1.55
(2H, m, CH,), 0.89 9H, t, J 7.1, CH,CH).

Calix[4]arene 8d. The reaction mixture was concentrated to
ca. 5 cm® and the product was precipitated with water and dried
in air. 8d (80%) was obtained as a white powder; mp > 230 °C
(decomp.); dy; (400 MHz; DMSO-d,) 11.95 (1H, br s, COOH),
10.15 (4H, s, NH), 8.43 (2H, s, NH), 8.39 (2H, s, NH), 7.82
(4H,d, J 7.8, ArHy,), 7.81 (4H, d, J 7.8, ArH+,,), 7.42 (8H, d,
J 7.8, ArHy,), 6.64 (4H, s, ArH), 6.57 (4H, s, ArH), 4.21 (4H, d,
J12.9,ArCH,Ar),3.72-3.64 (8H,m, OCH,), 3.02 (4H,d, J 12.9,
ArCH,Ar), 2.40 (12H, s, ArCH;), 2.16 2H, t, J 7.4, C(O)CH,),
1.83-1.77 (8H, m, CH,), 1.46 (2H, br s, CH,), 1.27-1.21 (12H,
m, CH,), 0.92-0.86 (9H, m, CH,CH,); 6 (100 MHz; DMSO-
de) 174.4, 151.7, 151.7, 149.6, 143.3, 137.6, 134.4, 134.1, 131.9,
131.8,129.3,127.3, 118.9, 76.3, 76.2, 74.7, 33.6, 30.3, 29.4, 29.0,
28.9, 28.8, 28.6, 28.4, 25.5, 24.4, 22.6, 22.5, 21.0, 10.1, 9.9; m/z
(ESI) 1605.7 (9%) [M*Na], 1408.7 (13%) [M*~C(O)NHTos +
Na], 1211.7 (3%) [M*-2 C(O)NHTos +Na], 1015.7 (100%) [M*-
3 C(O)NHTos +Nal].

Calix|[4]arene 8h. (A) The tetratolylurea 7i (0.30 g, 0.21
mmol) was dissolved in CH,Cl, (15 cm?) and trifluoroacetic acid
(15 cm®) was added to the solution. The reaction mixture was
stirred for 2 h at room temperature and evaporated to dryness.
Et,O (15 cm?®) was added and the precipitate was filtered off.
8h x CF;COOH (0.27 g, 89%) was obtained as a yellow powder;
mp > 247 °C (decomp.); dy (400 MHz; DMSO-d,) 8.31 (2H, s,
NH), 8.28 (2H, s, NH), 8.24 (2H, s, NH), 8.20 (2H, s, NH),
7.68 (3H, br s, NH;%), 7.22 (8H, m, ArHy,), 7.01 (8H, m,
ArHy,),6.83 (4H, s, ArH), 6.80 (2H, s, ArH), 6.78 (2H, s, ArH),
4.34 (44, d, J 12.5, ArCH,Ar), 3.81-3.75 (8H, m, OCH,), 3.10
(4H, d, J 12.5, ArCH,Ar), 2.81-2.75 (2H, m, NH,CH,), 2.21
(12H, s, ArCH;), 1.97-1.89 (8H, m, CH,), 1.52-1.28 (14H, m,
CH,), 1.01-0.95 (9H, m, CH,CH); J. (100 MHz; DMSO-d,)
158.3 (q, J 32), 152.4, 151.1, 150.9, 137.2, 134.4, 134.2, 133.5,
133.4, 130.2, 129.0, 118.1 117.9, 76.4, 76.3, 74.8, 30.6, 29.5,
29.1, 29.0, 28.8, 28.5, 26.9, 25.7, 25.6, 22.7, 22.6, 20.2, 10.2,
10.1.

(B) The tetratolylurea 7j (0.52 g, 0.37 mmol) was dissolved in
MeOH-THEF (10 : 15 cm?®) and the solution of NaOH (0.073 g,
1.8 mmol) in water (3 cm®) was added. The reaction mixture
was stirred for 12 h and acetic acid was added to neutralize the
excess of NaOH. Then the solvents were removed in vacuum
and the residue was triturated with MeOH. 8h (0.29 g, 60%)
was obtained as a white powder; mp > 215 °C (decomp.); Jy
(400 MHz; DMSO-d,) 8.58-8.42 (8H, m, NH), 7.25 (4H, d,
J 8.2, ArHy,), 7.23 (4H, d, J 8.2, ArHy,), 7.00 (8H, d, J 8.2,
ArHy,), 6.80 (4H, s, ArH), 6.77 (4H, s, ArH), 4.33 (4H, d,
J12.5,ArCH,Ar),3.83-3.75(8H,m, OCH,), 3.08 (4H,d, J 12.5,
ArCH,Ar), 2.69 2H, t, J 7.2, NH,CH,), 2.21 (12H, s, ArCH),
1.95-1.85 (8H, m, CH,), 1.47-1.28 (14H, m, CH,), 1.01-0.97
(9H, m, CH,CH,); 6 (100 MHz; DMSO-d,) 174.6, 152.5, 151.0,
150.9,137.4,134.2,134.1,133.5,129.9, 128.9, 118.3,117.9, 76.3,
76.2,74.6, 30.6,29.4,29.0, 28.9, 28.8, 28.6, 28.6, 25.9, 25.6, 23.5,
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22.7,22.6,20.2, 10.2, 10.1; m/z (MALDI TOF) 1322.7 (100%)
[M*Nal].

General procedure for the synthesis of 9a—e

The acid 8 (0.069 mmol) and PyBOP (0.069 mmol) were
dissolved in DMF (peptide synthesis grade, 2 cm?). The solution
was stirred 1 h at room temperature and then tetraamine 1 (0.017
mmol) and triethylamine (0.15 mmol) in DMF (1 cm?) were
added. The stirring was continued for 12 h at room temperature
and 2 h at 30 °C. After that the reaction mixture was diluted
with water (7 cm?®), the precipitate was filtered off, washed with
MeOH and dried.

Pentacalixarene 9a. 9a was obtained as a white powder
(0.065 g, 62%); mp > 335 °C (decomp.); oy (400 MHz; DMSO-
de) 8.22 (8H, s, NH), 8.19 (8H, s, NH), 8.16 (8H, s, NH), 8.13
(8H, s, NH), 7.65 (4H, s, NH), 7.21 (32H, m, ArH,), 7.01
(32H, m, ArH+,), 6.94 (8H, s, ArH ), 6.83 (16H, s, ArH), 6.78
(16H, s, ArH), 4.31 (16H, br s, ArCH,Ar), 3.73 (40H, br s,
OCH,, ArCH,Ar,,), 3.20 (8H, br s, OCH, ), 3.09 (16H, br s,
ArCH,Ar), 2.90 (8H, br s, NHCH,), 2.21 (48H, s, ArCH;), 2.05
(8H, br s, C(O)CH,), 1.91 (32H, br s, CH,), 1.49 (8H, br s,
CH,), 1.36-1.27 (56H, m, CH,), 1.19 (36H, s, C(CH);), 0.94
(36H, br s, CH,CH>).

Pentacalixarene 9b. 9b was obtained as a white powder
(70%); mp > 270 °C (decomp.); dy; (400 MHz; DMSO-dq; 50 °C)
7.91 (16H, s, NH), 7.75 (32H, m, ArH,), 7.51 (4H, br s, NH),
7.20 (32H, m, ArHy,), 6.95-6.88 (40H, m, ArH,,, ArH), 4.24
(16H, br s, ArCH,Ar), 3.68 (40H, br s, OCH,, ArCH,Ar,,),
3.20 (8H, under the signal of water, OCH, ), 2.93-2.86 (24H,
m, ArCH,Ar, NHCH,), 2.34 (48H, s, ArCH;), 2.04 (8H, br s,
C(O)CH,), 1.87(32H, brs, CH,), 1.48-1.26 (64H, m, CH,), 1.19
(36H, s, C(CH;);), 0.93 (36H, m, CH,CH;).

Pentacalixarene 9c. The residue was additionally washed
with Et,0. 9¢ (80%) was obtained as a white powder; mp >
240 °C (decomp.); oy (400 MHz; DMSO-d,; 100°C) 7.87 (16H, s,
NH), 7.82 (16H, s, NH), 7.23-7.20 (32H, m, ArH,), 7.20 (4H,
br s, NH), 6.97 (8H, s, ArH,,), 6.81-6.76 (64H, br s, ArH,,
ArH), 4.04 (16H, d, J 12.1, ArCH,Ar), 3.91-3.81 (64H, m,
OCH,), 3.67 (8H, s, ArCH,Ar,,), 3.41 (8H, br s, OCH, ), 3.09
(16H, d, J 12.1, ArCH,Ar), 3.02 (8H, br s, NHCH,), 2.07 (8H,
br s, C(O)CH,), 1.92-1.88 (32H, m, CH,), 1.68 (32H, br s,
CH,), 1.53 (16H, m, CH,), 1.41-1.29 (272H, m, CH,), 1.23
(36H, s, C(CH);), 0.99 (36H, br s, (CH,),CH}), 0.94 (48H, brs,
O(CH,),CH;).

Pentacalixarene 9d. 9d was obtained as a white powder
(70%); mp 196-198 °C; 5;; (400 MHz; DMSO-d,; 75 °C) 7.65-
7.63 (16H, m, NH), 7.32 (4H, br s, NH), 6.96 (8H, s, ArH,,),
6.71 (16H, s, ArH), 6.68 (16H, s, ArH), 5.63-5.62 (16H, m,
NH), 433 (16H, d, J 12.1, ArCH,Ar), 3.81-3.76 (32H, m,
OCH,), 3.67 (8H, s, ArCH,Ar,,), 3.38 (8H, m, OCH,,,), 3.01
(56H, m, ArCH,Ar, C(O)NHCH,, NHCH.,), 2.07 (8H, t, J 7.0,
C(O)CH,),2.06-1.86 (32H, m, CH,), 1.52 (16H, m, CH,), 1.41—
1.28 (144H, m, CH,), 1.22 (36H, s, C(CH,),), 0.96 (36H, m,
(CH,),CH), 0.87 (48H, m, (CH,),CH;).

Pentacalixarene 9e. 9e was obtained as a white powder
(66%); mp 180-183 °C; dy (400 MHz; DMSO-d,; 100 °C) 7.47
(16H, br s, NH), 7.09 (4H, br s, NH), 6.98 (8H, s, ArH,,),
6.70-6.68 (32H, m, ArH), 5.55 (16H, br s, NH), 4.36 (16H,
d, J 12.1, ArCH,Ar), 3.83-3.80 (32H, m, OCH,), 3.69 (8H, s,
ArCH,Ar,,), 3.44 (8H, m, OCH,,,), 3.04 (56H, m, ArCH,Ar,
C(O)NHCH,, NHCH,), 2.07 (8H, t, J 7.4, C(O)CH,), 1.88-
1.76 (32H, m, CH,), 1.54 (16H, m, CH,), 1.41-1.28 (368H, m,
CH,), 1.24 (36H, s, C(CH;);), 0.98 (36H, m, (CH,),CH}), 0.88
(48H, m, (CH,),,CH,).

Pentacalixarene 9f. The amine 8 (0.106 mmol) and PyBOP
(0.106 mmol) were dissolved in DMF (peptide synthesis grade,
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2.5 cm?) and stirred for 1 h at room temperature. Tetraacid 2b
(0.026 mmol) and triethylamine (0.15 mmol) in DMF (1 cm?)
were added and the stirring was continued for 12 h at room
temperature and 2 h at 30 °C. After that the reaction mixture
was diluted with water (10 cm?), the precipitate was filtered off,
washed with MeOH and dried. 9g (73%) was obtained as a white
powder; mp > 270 °C (decomp.); dy; (400 MHz; DMSO-d,) 8.22
(8H, s, NH), 8.19 (8H, s, NH), 8.15 (8H, s, NH), 8.12 (8H, s,
NH), 7.70 (4H, s, NH), 7.21 (32H, m, ArHy,), 7.01 (32H, m,
ArHy,), 6.90 (8H, s, ArH,,), 6.83 (16H, s, ArH), 6.78 (16H, s,
ArH), 4.33 (16H, br s, ArCH,Ar), 3.76 (32H, br s, OCH,) 3.64
(8H, br s, ArCH,Ar,,), 3.20 (8H, br s, OCH,,;), 3.06 (24H,
m, ArCH,Ar, NHCH,), 2.20 (48H, s, ArCH;), 2.05 (8H, br s,
C(O)CH,), 1.91(32H, brs,CH,), 1.37-1.25(72H, m, CH,), 1.19
(36H, s, C(CH;);), 0.96 (36H, br s, CH,CH;).

Dimerisation

In a typical experiment pentacalixarene 9a (0.86 pumol) and
tetratosylurea 10 (3.43 pmol) were mixed together, chloroform
(0.7 cm®) was added and the solution formed (sometimes with the
help of ultrasonic bath) was transferred into a NMR tube and
"H NMR spectra were recorded. All other heterodimers were
prepared analogously. '"H NMR spectra of typical heterodimers
are given below.

Pentacalixarene 9a + 4 x calixarene 10

(0 (400 MHz; CDCIl;) NH: 10.52 (16H, s), 8.03 (16H, s), 8.02
(16H, s), 7.62 (16H, s); ArH+,: 8.12 (32H, m), 7.39 (32H, m);
ArH+,: 7.57 (32H, d, J 7.9), 6.79 (32H, d, J 7.9); ArH.: 7.87
(16H, s), 7.04 (16H, s), 6.86 (16H, s), 4.88 (16H, s); ArH 5.
6.94 (8H, s); ArCH,Ar: 4.54 (16H, d, J 11.2), the next 16H
are overlapped with a broad signal at 3.88, the next 16H are
overlapped with a multiplet at 3.68-3.34, 2.53-2.42 (16H, m);
ArCH,Ar,;,: 8H are overlapped with broad signal at 3.88;
OCH,: 3.88 (56H, br s, (from them 32H belong to the described
group), 3.68-3.34 (48H, m (from them 32H belong to the
described group)); OCH, 3, 3.19 (8H, br s); NHCH,: 2.93
(8H, br s); C(O)CH,: 8H are overlapped with a singlet at 2.05;
ArCH sp,: 2.48 (48H, s); ArCH 31;: 2.05 (56H, s (from them 48H
belong to the described group); CH,: 1.64 (100H, br s), 1.32—
1.21 (92H, m); C(CH;);: 1.23 (36H, s); CH,CH;: 1.00 (36H, t,
J 7.3),0.88 (48H, t, J 7.3).

Pentacalixarene 9¢ + 4 x calixarene 10

(0u (400 MHz; CDCl;) NH: 10.54 (8H, s), 10.51 (8H, s), 7.95
(32H, s), the next 16H are overlapped with a multiplet at 7.58;
ArH.,: 8.13 (32H,d, J 7.4), 7.39 (32H, brs); ArHr,: 7.58 (48H,
m, from them 32H belong to the described group), 6.54 (32H,
d, J 7.8); ArH,: 7.86 (16H, s), 7.03 (16H, s), 6.89 (16H, s),
5.01 (16H, s); ArH s,: 6.95 (8H, s); ArCH,Ar: 4.55 (16H, d,
J 11.0), the next 16H are overlapped with a multiplet at 3.95-
3.80, 3.36 (16H, d, J 11.0), 2.57 (16H, d, J 11.0); ArCH,AT1, 3.
8H are overlapped with a multiplet at 3.95-3.80; OCH,: 3.95-
3.80 (56H, m, from them 32H belong to the described group),
3.68-3.62 (32H, m), 3.47-3.44 (32H, m); OCH, 3 ,: 3.17 (8H, br
s); NHCH,:2.93 (8H, brs); C(O)CH,: 2.15 (8H, br s); ArCH sp,:
2.46 (48H, s); CH,: 2.04 (24H, brs), 1.76 (32H, brs), 1.60 (64H,
brs), 1.26 (364H, br s, (from them 328H belong to the described
group)); C(CH,),: 36H are overlapped with a broad signal at
1.26; CH,CH,: 1.01 (36H, t, J 6.7), 0.91-0.86 (96H, m).

Light scattering

0.3 cm’® of solution was filtered through 4 mm 0.2 pm LG-filters
(Millipore) into dust free cylindrical 1 cm cuvettes (540.110
QS Hellma) in a dust-free flow cabinet (Bleymehl). Dynamic
light scattering measurements were carried out using a Uniphase
He/Ne laser (A = 632.8 nm, 22 mW), a ALV SP-86 goniometer,
a ALV/High QE APD Avalanche photodiode with fibre optic





detection, a ALV3000 correlator (all components ALV Langen),
and a Lauda RC 6 thermostat (20 °C =+ 0.1). Diffusion
coefficients were determined by non linear fitting (Simplex
algorithm) of the field autocorrelation function applying mono-
or biexponential fit functions and the polydispersity was eval-
uated by cumulant analysis in terms of the normalized second
cumulant u,. Hydrodynamic radii were calculated applying the
Stokes—Einstein equation.
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The ortho-lithiation of one diastereoisomer of 4-tert-
butylsulfinyl[2.2]paracyclophane is the key step to the syn-
thesis of a range of 4,5-disubstituted [2.2]paracyclophane
derivatives.

[2.2]Paracyclophane (22pc) 1 is the parent molecule for a
fascinating family of compounds comprising of two eclipsed
aromatic rings held in close proximity by two ethyl bridges
(Fig. 1).! The strong electronic interaction between the two rings
combined with rigidly defined geometric relationships between
substituents on 22pc give rise to the unique properties of these
molecules and many derivatives show great promise in a diverse
array of chemical disciplines.? Considering the great potential
of enantiomerically pure 22pc derivatives, it is surprising that
research in this field is still in its relative infancy** when
compared to the analogous ferrocenyl® or n* arene transition
metal complexes.® The most significant impediment to research
in this field appears to be the lack of attractive strategies for the
preparation of enantiomerically pure 22pc derivatives, with the
area dominated by tedious and frequently expensive resolution

protocols.?
o AL 2 1R-H
2R = S(0)Tol
10 Q 1 3R =S(0O)t-Bu

14
12 13

Fig. 1 [2.2]Paracyclophane and sulfoxide derivatives.

In order to overcome this severe limitation, we are inter-
ested in developing a general strategy for the synthesis of
a range of enantiomerically pure 22pc derivatives based on
the versatile chemistry of the sulfoxide moiety” and recently,
we reported an efficient synthesis of enantiomerically pure
4-monosubstituted [2.2]paracyclophanes via direct sulfoxide—
metal exchange of 4-tolylsulfinyl[2.2]paracyclophane 2.2 In
this communication, we wish to report the synthesis of 4,5-
disubstituted [2.2]paracyclophanes by directed ortho-lithiation
of 4-tert-butylsulfinyl[2.2]paracyclophane 3 (Fig. 1).

Our initial investigations of directed metallations utilised
the tolyl sulfoxide 2 (Fig. 1).* Whilst these gave a number
of intriguing results, particularly those aimed at lateral H2
deprotonation, it rapidly became apparent that the tolyl group
was not an inert substituent.” Therefore, we turned our atten-
tion to 4-tert-butylsulfinyl[2.2]paracyclophane 3. In order to
rapidly assess the efficacy of the tert-butylsulfinyl moiety at
directing metallations on the 22pc framework,'™" we decided
to prepare the racemic compound prior to expending resources
preparing the enantiomerically pure variant (Scheme 1). (&)-
4-Bromo[2.2]paracyclophane 4 smoothly underwent halogen—
metal exchange and subsequent reaction with zerz-butyl disul-

1 This paper is dedicated with respect and admiration to Professor
Steven V. Ley on the occasion of his 60th birthday.

This journal is © The Royal Society of Chemistry 2005 |
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o:\\t-Bu
(RSp,RSs)-3

Scheme 1 Reagents and conditions: (i) a) t-BuLi, THE, —78 °C,
b) (t-BuS),, —78 °C-rt, 66%; (ii) m-CPBA, CH,Cl,, 0 °C, 94%;
(iii) NalO,, dioxane-H,O, rt, 80%.

fide to furnish (£)-4-tert-butylsulfanyl[2.2]paracyclophane 5 in
good yield (66%). Interestingly, oxidation of sulfide 5 with
m-chloroperbenzoic acid resulted in the exclusive formation
of just one diastereoisomer of sulfoxide 3 in excellent yield
(94%).1 Similarly, use of sodium periodate gave the same,
single diastereoisomer in 80% yield. The relative stereochemistry
was determined to be (RS,,RSs)-3 by X-ray crystallography
(Fig. 2)§ and indicated that the oxygen atom of the sulfoxide
was orientated towards the ortho proton, HS. Presumably, the
complete diastereoselectivity in the oxidation is the result of the
sulfide existing in one conformation, with the tert-butyl group
perpendicular to the decks of 22pc and the ethyl bridge blocking
the approach of the oxidant to one face of the sulfide.

Fig.2 X-Ray structures of (RS,,RSs)-3 (left) and (S,.Rs)-3 (right).

Before studying the direct ortho-metallations it was deemed
prudent to prepare the second diastereoisomer. A wide range
of oxidising reagents were screened, but to no avail; either
diastereoisomer (RS,,RSs)-3 was formed, starting material was
recovered or decomposition was observed. Having previously
shown that reaction of (£)-4-lithio[2.2]paracyclophane with an
enantiomerically pure sulfinylating reagent resulted in the clean
formation of the two possible diastereoisomers,® we decided
to convert 4 directly to the sulfoxides (S,,Rs)-3 and (R,,Rs)-
3 by treatment with nr-butyllithium followed by the addition
of (R)-tert-butyl tert-butanethiosulfinate 6 (Scheme 2).'* Pleas-
ingly, two diastereoisomers were formed in a ratio of 1:1.4
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Scheme 2 Reagents and conditions: (1) a) n-BuLi, THF, —78 °C,
b) 6, THF, —78 °C, 72%.

(S,,Rs)-3:(R,,Rs)-3 and a combined yield of 72%. The two
diastereoisomers are readily separable from each other by
column chromatography with the diastereoisomer (R,,R;s)-3,
corresponding to the product of oxidation, being eluted second.
As the sulfinylation reaction is known to proceed with inversion
at sulfur, the two diastereoisomers can only differ by the chirality
of the 22pc portion. Therefore, this methodology allows the
facile resolution of the planar chirality of 22pc. Once again, the
relative stereochemistry was confirmed by X-ray crystallography
and shows that the sulfoxide oxygen is orientated towards the
bridge protons of C2 (Fig. 2).

Comparison of the two diastereoisomers suggests that one,
(R,,Rs)-3, will direct metallations to the ortho, CS5, position,
whilst the second, (S,,Rs)-3, will direct a lateral metallation at
C2." The theory of the complex-induced proximity effect' states
that the proton to be removed must be in the vicinity of the base
which, in turn, should be complexed to the directing group. For
directed ortho-metallation, the optimum geometry is believed
to have the directing group planar to the arene ring with the
oxygen atom close to the proton. The X-ray crystal structure
of (RS,.RSs)-3 shows that the sulfinyl group is close to this
idealised geometry with a torsional angle between S—O and C4—
CS5 of 11.6°. We believe that the interaction between the fert-
butylsulfinyl group and both the ethyl bridge and the lower
deck of 22pc severely restricts rotation around the C4-S bond.
Therefore, the conformation shown in the X-ray structure is
maintained to a high degree in the solution phase as intimated
by the '"H NMR spectra. The sulfinyl group is known to exhibit
a strong anisotropic effect resulting in a significant change in the
chemical shift of protons in close proximity to the oxygen atom."
The ortho proton, HS, of diastereoisomer (R,,Rs)-3 displays a
downfield shift when compared to (S,,Rs)-3 (7.01 vs. peak under
6.64-6.51 ppm) indicating the proximity of the sulfoxide oxygen
(Fig. 3). Even more pronounced is the difference in chemical
shifts for H2 in the two diastereoisomers, (R,,Rs)-3 shows a
signal at 3.53 ppm whilst in (S,,Rs)-3 H2 is considerably more
deshielded at 4.37 ppm, suggesting that the oxygen is in close
vicinity to H2.

5~6.57 57.01
54.37 £Bu +Bu 5353
\ /
HoA D J—H

0=s o v <s
<> &%
*H He
56.96~ T~ 56.83
(SpsRS)'3 (vaRS)'3

Fig. 3 Salient '"H NMR shifts in ppm for each diastereoisomer.

Utilising the racemic C5 orientated sulfoxide, (RS,,RSs)-3,
we attempted the standard ortho-lithiation conditions for fert-
butylsulfoxides reported by Snieckus (n-BuLi, THF, —78 °C,
1 h then addition of electrophile) and were disappointed to
only recover unreacted starting material. Intensive optimisation
studies led to a number of observations. The ortho-lithiation is
best achieved by the very slow addition of the base, normally,
dropwise over a period of 30 minutes followed by further stirring
for 1 hour; longer or shorter times result in a rapid decrease in
yield. A minimum of two equivalents of base are required for
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Table 1 Synthesis of disubstituted [2.2]paracyclophane derivatives 8

Entry Electrophile E (compound)** Yield (%)
1 Mel Me (8a) 75
2 Me;SiCl Me;Si (8b) 62 (959)
3 L 1(8¢c) 53 (90%)
4 CO, CO,H (8d) 86
5 CICO,i-Bu CO,i-Bu (8e) 58 (98%)
6 TsNCO C(O)NHTs (8f) 35
7 (PhS), SPh (8g) 59
8 TsN, NH, (8hy* 64
9 PhCHO CH(OH)Ph (8i) 55 (63%)
10 i-PrCHO CH(OH)i-Pr (8j) 27 (49%)

“Racemic sulfoxide was used in all reactions. ® All compounds have
been fully characterised. ¢ Isolated yield of pure product.  Yield based
on recovered starting material. ¢ Azide was reduced in situ with NaBH,.

efficient reaction and the solvent makes a crucial difference;
if n-BuLi is used as the base, THF gives the optimum yield,
whilst Et,O should be used in conjunction with -BuLi. TMEDA
does not have a beneficial effect on either set of conditions.
Finally, temperature plays a crucial role as the anion does not
appear to react with any electrophile, except methyl iodide, below
—40 °C. Presumably this is a steric effect, although further
experimentation is still required to confirm this hypothesis.
The optimum temperature for deprotonation is 0 °C with slow
warming to room temperature after addition of the electrophile.
Following optimisation of the directed ortho-lithiation, we
were able to prepare a variety of 4,5-disubstituted [2.2]paracy-
clophanes 8 (Scheme 3; Table 1).9 A wide range of electrophiles
can be used effectively in the reaction (Entries 1-8). A number
of the reactions stall at ~50% of the desired product, with the
remainder of the material being unreacted starting material. It
is interesting to speculate if this is the result of the formation of
an organolithium hetero-aggregate.'® Pleasingly, it is possible to
introduce an amine at C5 (8h) via reaction with tosyl azide and
in situ reduction. Enantiomerically pure derivatives of 5-amino-
4-tert-butylsulfinyl[2.2]paracyclophane, 8h, would be analogous
to 2-amino-substituted 1-sulfinylferrocenes that have recently
found use as ligands and catalysts in asymmetric synthesis."”

(RS,,RSs)-3 - 7 - 8

Scheme 3 The ortho-lithiation of 4-zert-butylsulfinyl[2.2]paracyclo-
phane. Reagents and conditions: (i) n-BuLi (2 eq.), THF, 0 °C;
(ii) electrophile (>4 eq.), 0 °C-rt.

Both aromatic aldehydes (benzaldehyde, Entry 9) and
aliphatic aldehydes (isobutyraldehyde, Entry 10) undergo ad-
dition to give the alcohols 8i and 8j in moderate to poor yields
(Scheme 4). The lower yield of 8j may arise due to the preferential
enolisation of isobutyraldehyde; we have reason to believe that

8i R=Ph

(RS,,RSs)-3
8j R= /-Pr

Scheme 4  Reagents and conditions: (i) a) n-BuLi (2 eq.), THF, 0 °C,
b) RCHO (4 eq.), 0 °C-rt, R = Ph 55%; R = i-Pr 27%.





the anion, 7, is very basic. Unfortunately, larger electrophiles,
such as ketones, do not react. The reaction with both aldehydes
occurs with complete diastereoselectivity, furnishing just one di-
astereoisomer. The configurations of the new stereocentres were
determined from the X-ray crystal structures|| of both adducts
and were shown to be (RS,,RSs,RS)-8i and (RS,,RSs,RS)-
8j. The selectivity can be rationalised if 4-zert-butylsulfinyl-5-
lithio[2.2]paracyclophane 7 is divided into four sections (Fig. 4)
and then three of the quadrants are considered to be blocked,
one by the zert-butyl group and two by the lower deck of 22pc.
Therefore, the aldehyde substituent approaches via the fourth
quadrant and attack occurs on the re face of the carbonyl group.
Interestingly, similar secondary alcohols can be formed by the
highly diastereoselective addition of organometallic reagents
to formyl[2.2]paracyclophane derivatives, indicating the highly
effective nature of 22pc as a chiral auxiliary.'®

::::::

Fig. 4 Possible explanation for the complete diastereoselectivity in the
addition of aldehydes.

In conclusion, we have developed an efficient method for the
preparation of a range of 4,5-disubstituted [2.2]paracyclophanes
via directed ortho-metallation of a tert-butylsulfinyl group. The
fact that this moiety can be introduced in a stereospecific manner
indicates that the current methodology could be utilised to both
resolve the planar chirality of [2.2]paracyclophane and then
functionalise [2.2]paracyclophane to furnish enantiomerically
pure derivatives. We are currently investigating the use of
a number of these derivatives, in particular, 5-amino-4-zert-
butylsulfinyl[2.2]paracyclophane 8h, in a range of catalytic
asymmetric processes. Furthermore, we are continuing to study
the chemistry of a range of 4-sulfinyl[2.2]paracyclophanes as
a means of elaborating the [2.2]paracyclophane backbone at
alternative positions' and these results will be published in the
near future.

Notes and references

1 Synthesis of (RS, RSs)4-tert-butylsulfinyl[2.2]paracyclophane (RS, RSs)-
3. To a solution of (£)-4-zert-butylsulfanyl[2.2]paracyclophane 5 (6.96 g,
23.51 mmol, 1.0 eq.) in CH,Cl, (150 mL) at 0 °C was added m-
chloroperbenzoic acid (72.5% in H,O; 6.15 g, 25.86 mmol, 1.1 eq.) in
several portions over a period of 15 min. After 1 hour the reaction
mixture was poured into saturated aqueous NaHCO; (200 mL) and the
layers separated. The aqueous phase was extracted with CH,Cl, (3 x
150 mL) and the combined organic phases were dried (MgSO,) and con-
centrated. The crude residue was purified by column chromatography
(2% diethyl ether in 60-80 petrol to 4% diethyl ether in 60-80 petrol) to
give (RS,,RSs)-3 as a crystalline solid (6.70 g, 91%); mp = 124-126 °C;
Vax/Cm ! 3054, 2987, 1422 and 1056; J, (300 MHz, CDCl;) 7.01 (1H,
d, J = 1.7 Hz, 5-H), 6.83 (1H, d, J = 8.1 Hz, 13-H), 6.63 (1H, dd, J =
7.8, 1.8 Hz, 7-H), 6.55 (1H, d, J = 8.4 Hz, 12-H), 6.52 (2H, br s, 15-H
& 16-H), 6.48 (1H, d, J = 7.8 Hz, 8-H), 3.53 (1H, ddd, J = 13.1, 10.1,
2.8 Hz, 2-H), 3.27 (1H, ddd, J = 13.0, 9.9, 5.2 Hz, 1-H), 3.20-3.03 (5H,
m, 1-H, 2 x 9-H, 2 x 10-H), 2.89 (1H, ddd, J = 13.5, 10.3, 5.5 Hz,
2-H), 1.05 (9H, s, t-Bu); o (125 MHz, CDCl;) 140.7 (C), 139.5 (C),
139.1 (C), 139.0, (C), 138.7 (C), 136.0 (CH), 134.6 (CH), 133.1 (CH),
132.7 (CH), 132.6 (CH), 132.3 (CH), 130.3 (CH), 56.6 (C), 35.2 (CH,),
35.1 (CH,), 34.7 (CH,), 33.6 (CH,), 22.7 (CH;); HRMS (ESI) 335.1428
(MNa*, C, H,,OSNa requires 335.1440).

§ Crystallographic data for (RS,,RSs)-3: C,yH,OS, M = 31245, T =
173(2) K, orthorhombic, space group P2,2,2, (no. 19), a = 9. 9320(5)
b = 11.5642(6), ¢ = 14. 7502(4) A,V =1694.1413) A’, Z =4, D, =
1.23 Mg m~*, 4 = 0.19 mm~', independent reflections = 2909 [R,, =
0.056], R, [for 2406 reﬂections with 7 > 20(I)] = 0.038, wR, (all
data = 0.097). Crystallographic data for (S,,Rs)-3: C,H,O0S, M =

31245, T = 173(2) K, orthorhombic, space group P2,2,2, (no. 19),
a = 9.9622(3), b = 11.5421(3), ¢ = 14.9696(3) A, V = 1721.28(8) A3,
Z=4,D, =121 Mgm™, u = 0.19 mm™', independent reflections =
3022 [Ry,, = 0.068], R, [for 2694 reflections with I > 2a(I)] = 0.040,
WR, (all data = 0.100). CCDC reference numbers 278337-278338. See
http://dx.doi.org/10.1039/5509994c for crystallographic data in CIF
or other electronic format.
9 Representative procedure. Synthesis of (RS,,RSs)-4-tert-butylsulfinyl-
5-methyl[2.2]paracyclophane (RS,,RSs)-8a. To a solution of (RS,,RSs)-
4-tert-butylsulfinyl[2.2]paracyclophane ~ (RS,,RSs)-3 (100  mg,
0.32 mmol, 1.0 eq.) in THF (6.0 mL) at 0 °C was added a solution of
n-BuLi (2.5 in hexanes; 0.28 mL, 0.71 mmol, 2.2 eq.) dropwise over a
period of 30 min. The resultant orange solution was stirred at 0 °C for
a further 1 h, whereupon methyl iodide (0.08 mL, 1.28 mmol, 4.0 eq.)
was added, instantly producing a yellow solution. The reaction
mixture was warmed to room temperature overnight then poured into
saturated aqueous NH,Cl (20 mL) and the aqueous phase extracted
with diethyl ether (3 x 10 mL). The combined organic layers were
dried (MgSO,) and concentrated. The crude residue was purified by
column chromatography (1:2 diethyl ether:60-80 petrol to 4:1 diethyl
ether:60-80 petrol) to give 8a as a white powder (78.0 mg, 75%); mp =
149-151 °C; vy /cm™ 3054, 2987, 1645, 1421, 1266 and 1037; dy
(300 MHz, CDCl;) 6.86 (2H, br s, 12-H & 13-H), 6.58 (1H, d, J =
7.7 Hz, 8-H or 7-H), 6.52 (1H, d, J = 7.6 Hz, 15-H or 16-H), 6.48 (1H,
d,J=8.1Hz,7-H or 8-H), 6.41 (1H, d, J = 7.7 Hz, 16-H or 15-H), 3.70
(1H,dd, J =13.9, 11.1 Hz, 2-H), 3.38-3.21 (2H, m, 1-H & 1-H or 9-H),
3.17-3.00 (4H, m, 9-H or 1-H, 9-H & 2 x 10-H), 2.81-2.71 (1H, m,
H-2), 2.47 (3H, s, CH;), 1.14 (9H, s, t-Bu); d. (75 MHz, CDCl;) 142.3
(0), 141.2 (C), 141.1 (C), 139.44 (C), 139.35 (C), 136.8 (CH), 134.3 (C),
133.4 (CH), 133.1 (CH), 133.0 (CH), 132.2 (CH), 128.6 (CH), 59.2 (C),
35.1 (CH,), 34.6 (CH,), 33.9 (CH,), 33.0 (CH,), 24.3 (CH,), 16.0 (CH,);
HRMS (ESI) 349.1588 (MNa*, C, H,;OSNa requires 349.1596).
|| Crystallographic data for (RS,,RSs,RS)-8i: CyH;0,S, M = 418.57,
T = 173(2) K, triclinic, space group P1, a = 10.8751(3), b = 13.6785(4),
¢ =16.9532(4) A, a = 74.165(2)°,8 = 75.054(2)°, 7 = 69.839(1)°,V =
2239.71(10) A3, Z =4, D, = 1.24 Mg m~, 4 = 0.17 mm"', independent
reflections = 8788 [R,, = 0.0522], R, [for 6596 reflections with [ >
20(1)] = 0.0448, wR, (all data = 0.109). Crystallographic data for
(RS,,RSs,RS)-8j: C,,H3,0,S, M = 384.56, T = 173(2) K, tetragonal,
space group P4d,/n, a = 21.1744(9), b = 21.1744(9), ¢ = 9.5008(6)
A,V =425974) A3, Z = 8, D, = 1.20 Mg m~, u = 0.17 mm™",
1ndependent reflections = 2935 [R;,, = 0.1631], R, [for 1767 reflections
with I > 20(I)] = 0.0684, wR, (all data = 0.178). CCDC reference
numbers 283984-283985. See http://dx.doi.org/10.1039/b509994c¢ for
crystallographic data in CIF or other electronic format.
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An ageing society faces an increasing number of neurodegenerative diseases such as Alzheimer’s, Parkinson’s, and
Creutzfeld-Jacob disease. The deposition of amyloid fibrils is a pathogenic factor causing the destruction of neuronal
tissue. Amyloid-forming proteins are mainly a-helical in their native conformation, but undergo an o-helix to
B-strand conversion before or during fibril formation. Partially unfolded or misfolded B-sheet fragments are discussed
as direct precursors of amyloids. To potentially cure neurodegenerative diseases we need to understand the complex
folding mechanisms that shift the equilibrium from the functional to the pathological isoform of the proteins
involved. This paper describes a novel approach that allows us to study the interplay between peptide primary
structure and environmental conditions for peptide and protein folding in its whole complexity on a molecular level.
This de novo designed peptide system may achieve selective inhibition of fibril formation.

Introduction

The special feature of proteins involved in Alzheimer’s or prion
diseases is their ability to adopt at least two different (meta)stable
conformations. Thus, amyloid-forming proteins that mainly
contain o-helical structures in their native conformation must
undergo an o-helix to B-strand conversion before or during
fibril formation. Protein aggregation leads to the deposition

conformational transition that shifts the equilibrium from the
functional to the pathological isoform can happen sporadically.
The conformational change can also be triggered by mutations in
the primary structure as well as by changes of the environmental
conditions such as pH, ionic strength, metal ions, protein con-
centration, oxidative stress, free radicals, and by physiological
or pathological chaperons. Alternatively, a small quantity of a
misfolded protein fragment may act as a structural template

of the insoluble protein forms in the tissue concerned."” The that initiates the conformational conversion causing the disease.
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While the spontaneous forms of such diseases are extremely
common, inherited factors, even single mutations within the
amino acid sequence, may be of paramount importance.

How can we elucidate the complex folding mechanisms that
occur during the transformation from o-helix to B-sheet and
beyond that to the formation of amyloids? What would be a
practical system for studying the consequences of the interplay
between peptide primary structure and environmental factors
for peptide/protein folding on a molecular level? What kind of
intrinsic factors enable a peptide/protein structure to transfer its
secondary structure motif onto an unfolded protein fragment?
The aim not only to inhibit, but also to reverse -sheet formation
and aggregation is even more challenging. If aggregation can
be inhibited, at what stage of this process do we have a
chance to interfere? The understanding of how complementary
interactions determine the structure of polypeptides holds the
key to answering these questions.

The system we have developed is based on an antiparallel,
26 amino acid o-helical coiled coil peptide with unprotected N
and C termini. It can be modified such that a switch from the
o-helical state to a random coil and/or a B-sheet structure, and
in reverse, can be induced by changing various environmental
conditions. Thus, our strategy is different from those reported
in the literature. The big advantages that we see in the coiled coil
system are:

(1) The a-helical coiled coil protein folding motif is very well
studied and the design principles are known in detail, implying a
better predictability of the system compared to isolated helices.

(2) The driving force for the helix formation is the interaction
of intrinsically complementary surfaces. This is a valuable
property not only for the study of cooperative processes, but
also for a systematic investigation of the influence of mutations
in the primary structure on the stability of secondary structure
motifs.

(3) No restrictions are exerted on the system, such as
covalent modifications, non-natural building blocks, linkages,
etc., allowing our investigations to be compared with naturally
occurring scenarios.

(4) No peptide bonds are formed or rearranged during
the folding processes, thereby laying the foundation for the
reversibility of the system.

Before we introduce our concept in detail, we will first
explain the basic features of the secondary structures that are
involved, namely a-helices and -sheets, as well as several known
approaches for switching between these secondary structure
motifs.

Switch peptides

The formation of amyloid fibrils in neurodegenerative diseases
is caused by partially misfolded and/or unfolded intermediates
of the proteins involved. Therefore, the investigation of peptides
and proteins which can change their conformation under certain
conditions is of increasing interest (Fig. 1).>*

Mihara et al.

Mutter et al.

= =
Woolfson et al.
WV temperature
\ "2
Fig. 1 Several approaches for studying o-helix — B-strand switches.
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The de novo design of such “switch peptides” was first
described by Mutter et al. in 1991."° They could show that
aggregated amphiphilic a-helices can be switched to double
layer [B-sheets by changing the pH. This system is based
on an amphiphilic B-sheet peptide that is built of alternat-
ing hydrophobic and hydrophilic amino acids. The primary
structure was modified to make a helical conformation more
favorable. Therefore, some of these alternating amino acids
were substituted by neutral amino acids resulting in a 16
amino acid peptide that forms amphiphilic helical aggregates
with a hydrophobic and a hydrophilic side on each helical
cylinder.

Another approach was presented by the group of Mihara,"**
who generated a parallel 16 residue a-helical coiled coil dimer,
covalently linked by a cysteine spacer at the C-terminus and
equipped with a highly hydrophobic adamantane group at the
N-terminus. This system forms B-sheets in buffered solution
that rearrange to fibrils within two weeks. The conformational
change is induced by the interaction of adamantane groups
that serve as a “hydrophobic defect” and trigger a slow a to
transition. Capturing the adamantane groups by cyclodextrine
prevents aggregation and the a-helical coiled coil structure
remains stable. A similar system was described recently by
Kammerer et al., where neither covalent linkages nor hydropho-
bic defects were necessary for the time-dependent structural
change."

In addition to time and pH dependent switches, the redox
state also appears to be a factor that influences the secondary
structure of peptides. Gellman ez al. studied a methionine-rich
peptide that changes its conformation from an antiparallel B-
sheet structure at the oxidized sulfon and sulfoxide state of
the methionine to an aggregated o-helical form in the reduced
species.”® Thus, the secondary structure of an 18 amino acid
peptide has been shown to be alterable just by converting four
residues from a lipophilic to a hydrophilic character. These
results lead to the assumption that the amphiphilic order of
amino acids is a strong determinant of peptide and protein
folding.

Woolfson et al. described a peptide system that alters the
conformation from an o-helix to a B-hairpin motif under the
influence of thermal denaturation.’* They conclude that a
straight destabilization of the a-helical coiled coil structure does
not necessarily result in a conformational change, but incor-
poration of B-sheet preferring amino acids into the f-position
of an o-helical coiled coil peptide promotes the sensitivity of
the structural switch. Furthermore, the results show that the
formation of the B-sheet structure and the resulting amyloid
aggregation proceeds with an unfolded intermediate as a direct
precursor. A more recent study by Mutter et al. induces the
secondary structure switch by the formation of a newly formed
peptide bond between two fragments.!”

In a theoretical approach, Peng and Hansmann applied mul-
ticanonical Monte Carlo simulations to investigate the nature of
a secondary structure switch of a small peptide sequence which
occurs in various proteins.”® The simulations showed that this
seven-residue peptide adopts a helical conformation in solution
as well as under gas phase conditions. However, the secondary
structure switches to a B-sheet once two strands of this peptide
get into close proximity to each other due to strong electrostatic
effects and van der Waals interactions.

These results show that the o-helix to B-sheet secondary
structure switch appears to be a highly sensitive process triggered
by a huge diversity of environmental factors and parameters.
Additionally, cooperativity effects seem to play a major role
in the conformational evolution and switch properties of o-
helical species as well as B-sheet motifs. Hence, it follows
that the detailed investigation of the coherence between the
switch properties of peptide structures and cooperativity is of
paramount importance to understand disease related B-sheet
and amyloid formation processes.





a-Helical coiled coil peptides

The o-helical coiled coil folding motif is one of the most
widespread structural motifs in nature. Approximately 3%
of amino acids in naturally occurring peptides and proteins
are involved in the formation of coiled structures.”® o-Helical
coiled coils typically consist of two to five right-handed a-helices
which are wrapped around each other to form a left-handed
superhelical twist.! A schematic view of a dimeric antiparallel
coiled coil is shown in Fig. 2.

OO AR AHO A0
5 91° gze gae Srs
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Fig. 2 Schematic model of an antiparallel coiled coil dimer.

The primary structure of each helix is characterized by a
periodicity of seven residues, the so-called 4-3 heptad repeat
which is commonly denoted (a-b-c-d-e-f-g), (Fig. 3). Positions
a and d are typically occupied by apolar residues (Leu, Ile, Val,
Met) that form a special interaction surface at the interface of
the helices by hydrophobic core packing (“knobs-into-holes™).?
In contrast, the positions e and g are frequently occupied by
charged amino acids (most commonly Glu and Lys) that form
inter-helical ionic interactions.?®* Polar residues are often found
in the remaining heptad repeat positions b, ¢, and f, which are
solvent exposed, located at the opposite side of the motif.

electrostatic
interactions

" N\

Fig. 3 Helical wheel presentation of an o-helical coiled coil motif.
Yellow: positions occupied by hydrophobic amino acids, red: positions
occupied by charged amino acids.

The hydrophobic core provides the major contribution to the
structural stability of the a-helical coiled coil. The allocation
of the two positions, a and d, of this interface in regard to
the different types of hydrophobic residues, B- and y-branched,
controls the order of aggregate formation. Introducing specific,
buried polar interactions within the hydrophobic core provides
an efficient way to direct the helical alignment.” In contrast,
the inter-helical ionic pairing positions, e and g, mainly dictate
the specificity of folding (parallel versus antiparallel) as well
as promoting the preference for homo- or heterotypic a-helical
coiled coil formation.?** Amino acids in these positions provide
less overall stability for this folding motif and have less effect on
the direction of the oligomerization state than hydrophobic core
residues.

A third recognition domain is formed by intramolecular
charge interactions between positions ¢/g and b/e, respectively,
of the single helices. These interactions indirectly influence
the stability of a-helical coiled coil folding by stabilizing or
destabilizing the single helices.*! Position f of the heptad repeat
is not part of any of the three recognition domains. Therefore,
its contribution to helix stability has not yet been defined if it
exists at all. Fig. 3 shows a simple model of an a-helical coiled
coil peptide dimer.

B-Sheet peptides

B-Sheets are not as uniform as o-helices and their basic
design principles and folding characteristics are much more
complicated. Despite the importance of f-sheets as one of
the most important secondary structure elements in proteins,
the principles underlying their formation and stability are
not understood in detail.®* In general, two major problems
complicate detailed elucidation of the B-sheet folding motifs.
The intrinsic tendency to aggregate usually results in solubility
problems that make sample handling difficult. Furthermore, the
absence of well determined cross-strand amino acid preferences
in protein f-sheets constrains the use of long-range interactions
in the de novo design.® Thus, the design of B-sheets, that fold
with high specificity, is a challenging topic in modern peptide
chemistry.

Various attempts have been made to design B-sheet peptides
de novo. Due to the frequent occurrence of B-hairpin motifs
in natural proteins, the majority of work in the early years
focused on constructs that consist of two B-strands linked by
a B-turn inducing element or a short loop.* A schematic view
of such a B-hairpin is shown in Fig. 4. Based on this work,
many non aggregating multi-stranded peptides with up to eight
B-strands have been synthesized, characterized, and applied in
several studies to elucidate the general interaction pattern in -
sheets.®35%3738 Although the non-aggregating nature of these
peptides facilitates detailed investigation of the B-sheet motif
itself by high resolution methods such as NMR, these systems
are usually unsuitable for use as models for studying peptide
aggregation and fibril formation.

Sraatase.
BItIY

R
Fig. 4 Schematic view of a B-hairpin peptide.
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Designing monostranded f-sheet peptides that are not
linked by loops, turns, or other non-natural scaffolds is very
complicated due to the absence of well-defined interaction
patterns between peptide strands. Early studies revealed that
an alternating pattern of hydrophobic and hydrophilic amino
acids compared to those observed for amphipathic a-helices is
required, especially if the peptide is associated with amyloid-
like fibril formation.’ In 2000, Koide ez al. proposed that B-
sheet formation is not necessarily related to the formation of
a hydrophobic core and showed that large amino acid side
chains are able to stabilize the B-sheet by burying the non-polar
surfaces.’?** Interestingly, the interactions that force a peptide to
fold into a B-sheet are in general not as different as those found
for a-helical structures. A comparison of the major contributors
to the stability of a-helices and B-sheets given in Table 1 shows
only one main difference which is the pattern of hydrogen bond
formations.

The intrinsic secondary structure propensities of amino acids
are an important factor. It is necessary, however, that these
values are determined by calculating the total distribution in
secondary structure elements of naturally occurring peptides
and proteins.*' Thus, the suitability of these data for de novo
design is restricted due to the partial incomparability of the
structural data of large proteins and those obtained for small
peptides. Hydrophobic effects are one of the major contributors
to B-sheet stability. Numerous studies on B-hairpin peptides
and strand-extended hairpins have shown that the burying of
hydrophobic residues within the B-sheet strands is one of the
major thermodynamic driving forces for the secondary structure
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Table 1

Comparison of the major features that contribute to the stability of a-helical coiled coils and B-sheets?>#-#

a-Helical coiled coil

B-Sheet

Amino acid intrinsic secondary structure properties
Sidechain-sidechain hydrophobic interactions

Interstrand electrostatic interactions

Intramolecular hydrogen bonds

Intermolecular hydrogen bonds

formation.?**4%% According to these findings, the general rule
“the more hydrophobic, the more B is at least partially true,
although the incorporation of hydrophobic residues into a
peptide does not necessarily result in the formation of a B-sheet
secondary structure. Electrostatic interactions and salt bridges
contribute significantly to B-sheet stability as well. As in case
of a-helical coiled coil peptides, these electrostatic interactions
are only minor contributors to overall stability, even though they
assist the secondary structure formation and direct the specificity
of folding.3*** The last and perhaps most important contributor
to B-sheet stability is hydrogen bonds. Unlike a-helical structures,
where hydrogen bonds are formed intramolecularly within one
helix, hydrogen bonds in [-sheets are formed between two
different peptide strands. In conclusion, as in the case of o-
helices, the important factors for B-sheet formation appear to
be a balanced mixture of intrinsic amino acid propensities,
hydrogen bonds, and hydrophobic effects. Thus, the general
interaction patterns of o-helices and B-sheets are more similar
to each other than expected. Indeed, the ability to form amyloid
fibrils is not only limited to some proteins associated with
known physical dysfunctions, but rather a widespread feature of
many, perhaps all, polypeptide chains.*** Accordingly, amino
acid side chains seem to be less important for fibril stability
as they are stabilized by interactions involving the polypeptide
main chain. However, the primary structure strongly affects the
propensity of a peptide sequence to form amyloid fibrils, which
can differ drastically between varying sequences under given
circumstances.*

Inhibition of fibril formation

Whereas the soluble forms of proteins involved in amyloid
diseases are highly various in sequence and structure, the aggre-
gated forms have many structural characteristics in common,
such as the binding of certain dye molecules e.g. Thioflavin T or
Congo red. Many of the aggregates show typical fibrillar struc-
tures featuring very similar morphologies, namely unbranched
and twisted structures with a diameter of a few nanometres
and mostly several micrometres in length. In these aggregates
B-sheets are found to be orientated perpendicularly to the fibril
axis.*

To develop therapies for amyloid-related diseases several
strategies are currently being pursued. One of the most promis-
ing therapeutic strategy is the inhibition of peptide/protein
aggregation using inhibitor molecules. To date a large number
of diverse organic compounds are known to inhibit fibril
formation. The ability to prevent aggregation of the -amyloid
peptide (AP), involved in Alzheimer’s disease, has been reported
for Congo red,” the yellow curry pigment curcumin,*® -
cyclodextrin,® aspirin,® oligomeric aminopyrazoles® as well
as for nicotine which seems to prevent amyloid formation by
binding either an a-helical or a B-sheet element within Af.5>%
Due to the lack of specificity and toxicity of most of these
substances, their suitability as defined anti-agents of specific
diseases is highly limited.

The design of peptide based inhibitors provides an attractive
alternative to overcome such hurdles. Tjernberg ez al. ascertained
that the residues 16-20 within AP are essential for AP aggrega-
tion. The pentapeptide AB(16-20) is able to bind full length
AP and prevents its polymerization into fibrils.** Based on this
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finding, different peptide based inhibitors have been developed
using the wild-type peptide as a lead structure.

Proline is well known as a f-sheet breaker amino acid. Soto
and co-workers, one of the pioneers in the study of B-sheet
breaker peptides, designed inhibitors for AP aggregation that
incorporate proline into a short peptide sequence deduced
from the recognition element of AB. This approach led to the
generation of small peptides that inhibit amyloid formation in
vitro as well as reduces cerebral AP deposition in rat brain.* A
similar strategy is the insertion of o-aminoisobutyric acid. This
non-natural amino acid interrupts fibril aggregation due to its
high tendency to induce helical conformations.*

The incorporation of N-methyl amino acids was shown to
inhibit amyloidosis. These peptides bind to fibrils by presenting
a complementary hydrogen-bonding face on one side, while
the opposite side presents N-methyl instead of backbone NH
groups. Thus, further fibril growth is disturbed by retarding
hydrogen bond formation.5”-*

The concept

The general interaction patterns of a-helices and B-sheets are
very similar (see above). This led to the idea of developing a
model of peptide sequences which contains structural elements
for both stable a-helical folding as well as -sheet formation as
competing subunits. Ideally, this system could then be predicted
to adopt one of these secondary structures at will by applying
the appropriate environmental conditions.

The structure as well as the design principles of the a-helical
coiled coil folding motif have been subject to intense scrutiny.?®
Therefore, this protein folding motif can serve as a perfect basis
to start investigating the influence of a peptide primary structure
and its modifications on the stability of the resulting secondary
structure. The heptad repeat primary structure can be divided
into two main domains; positions that form the dimerization
domains (a, d, e, g) and positions that are solvent exposed (b, c,
f).® The fundamental idea of our design is that, although amino
acids in positions b, ¢, f do not directly influence interactions
between both helices, they still affect the stability of the helix
monomer itself. Therefore, amino acids in these positions will
have an impact on the cooperative interactions that induce helix
dimerization. Furthermore, in the case where the same peptide
would fold into a B-sheet, these amino acids will contribute to
the stability of such an assembly equally to all other positions
(Fig. 3).

Fig. 5 A shows the helical wheel presentation of the de novo
designed parallel o-helical coiled coil basis peptide. Positions
a and d are occupied by leucine residues, forming an ideal
first recognition domain. In addition, inter- and intrahelical
electrostatic interactions between position e, g, b, and ¢ are
exclusively optimized for attractions by the incorporation of
oppositely charged lysine and glutamate residues. Thus, the
observed secondary structure of this peptide is a perfectly folded
a-helical coiled coil.

Based on this ideal a-helical coiled coil sequence, several
analogues were designed to receive peptides that can react to
environmental changes upon alteration of their conformation.
The structure of these peptides can be switched from the
o-helical coiled coil to an unfolded form (see Fig. 5B) as
well as into soluble B-sheets (see Fig. 5C). To maintain the
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Fig. 5 The general concept.

opportunity for a complementary driven a-helical coiled coil
folding, modifications of the primary structure have been only
carried out at solvent exposed, non-coiled coil dimerization
related b, c, and f positions. All the a, d, e, and g positions,
which are important for a-helical coiled coil folding, have not
been touched, but optimally maintained in terms of favorable
hydrophobic and electrostatic interactions. Thus, the generated
peptides exhibit two different secondary structure elements that
are in direct competition to each other. More importantly, even
unfolded and misfolded forms can still be involved in an a-helical
coiled coil arrangement. As a result, adding equimolar amounts
of the ideal a-helical coiled coil basis sequence (Fig. 5A) forces
these peptides to cooperatively fold into a stable heteromeric
a-helical structure.

A peptide containing the above-described features of an o-
helical coiled coil as well as certain B-sheet inducing elements,
has been designed and investigated to study the influence of
different environmental parameters on the secondary structure
switch from o-helix to B-sheet. The pH was shown to be a strong
determinant of the preferred secondary structure and indirectly
controls the time-dependent aggregation behavior of the peptide
(Fig. 6). Thus, the formation of amyloid fibrils can be perceptibly
inhibited or triggered by a change of pH.
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Metallochemical reactions are considered to be a common
denominator for the development of neurodegenerative diseases
as the concentration of heavier metal ions in brain tissue is
naturally high.®® The AP deposits assembled in the brain of AD
patients, as well as the strain variant conformation of PrP*, have
been reported to depend upon Cu?* and Zn?* interactions.**¢!
The o-helical coiled coil based peptide model could be shown
to serve as a simple system for a systematic study of the
impact of different metal ions in their different oxidation states
on a peptide secondary structure on a molecular level. With
this system in hand we can study the impact of metal ion
complexation, especially the interplay between the number of
His complexation sites, its position within the heptad repeat,
the nature of the metal ion as well as its concentration on the
secondary structure formation in detail. His mutations were
incorporated into the heptad repeat to generate complexation
sites for Cu?* and Zn** ions.®?

Fig. 7 shows two peptide sequences, both containing several
valine residues that decrease the propensity of helical folding.
In addition, peptide CCM features four histidines per helix
as metal-ion ligation sites. Due to the generally high B-sheet
forming propensities of the peptides, trifluoroethanol (TFE) was
used to assist a helical starting conformation.

Fig. 6 Time-dependent switch of a de novo designed B-sheet forming peptide. (a) CD spectra at different incubation times (0.5 mM peptide, 10 mM
acetate buffer, pH 4.0). (b) Transmission electron microscopy (TEM) image of the resulting amyloids after 75 h (0.1 mM peptide, 10 mM acetate

buffer, pH 4.0, negatively stained with 1% uranylformate).
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Fig. 7 Helical wheel diagram (a) and sequence drawn as -sheet (b) of
peptide CC and CCM.

Once Zn** or Cu** are added, the secondary structure with
a helical content of 85% converted to 70% B-sheet (Fig. 8).
Capturing the metal ions by the scavenger EDTA results in
complete reversion of the structural change.
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The formation, relative stability, and possible stoichiometries
of two (self) complementary peptide sequences (B and E)
designed to form either a parallel homodimeric (B 4+ B) or an
antiparallel heteromeric (B 4+ E) coiled coil have been investi-
gated by molecular dynamics simulations and CD spectroscopic
measurements.®® Peptide B shows a characteristic coiled coil
pattern in the CD at pH 7.4, while peptide E has been shown to
primarily adopt the unfolded random coil structure under these
conditions (Fig. 9). The hydrophobic and charged recognition
domains of both peptides are complementary to each other.
Peptide E forms an a-helical coiled coil when mixed with peptide
B. Thus, the ideally o-helically folded peptide B forces the mainly
unfolded peptide E to adopt a helical structure by formation of a
heteromeric coiled coil under neutral pH conditions. Molecular
dynamics (MD) simulations showed that combinations of B +
B and B + E readily form a dimeric coiled coil whereas
E + E show a different behavior. However, the simulations
strongly suggest the preferred orientation of the helices in the
homodimeric o-helical coiled coil is parallel with interactions
at the interface, which is quite different from the idealized
model. Additionally, the MD simulations suggest an equilib-
rium between dimers, trimers, and tetramers of o-helices for
peptide B.

Amyloid fibrils are usually formed with B-sheet containing
structures as a direct precursor. Thus, the inhibition of the -
sheet formation should prevent amyloid fibrils from depositing.
Peptide variants that fold into stable B-sheets (Fig. 5C) can
be forced to readopt the helical conformation by forming a
heteromeric coiled coil on interaction with the basis o-helical
coiled coil peptide (Fig. 5-red/grey). One representative example
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Fig. 8 CD spectra of peptide CCM in 40% TFE at pH 7.4 and at a peptide concentration of 0.1 mM with (a) 0.1 mM CuCl, and (b) 0.1 mM

Zn(OAc),.
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Fig. 9 (a) Helical wheel diagram of peptides B and E. (b) CD spectra of peptide B, peptide E and a mixture of both measured in a 10 mM Tris-HCI

buffer at pH 7.4 and 250 uM peptide concentration.
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is the fibril forming peptide presented in Fig. 6. This peptide has
been shown to fold into a highly organized fibrillar structure
at pH 4.0. The aggregation process can be inhibited by either
a change in pH or the addition of a strong helix-forming
peptide. This effect is based on the involvement of the B-sheet
forming sequence into an a-helical coiled coil arrangement via
complementary interactions between the hydrophobic heptad
repeat domains (Fig. 10).

P4

Fig. 10 Concept of amyloid breaking by using a corresponding coiled
coil peptide.

Conclusion and perspective

A protein folding motif optimized by nature to fold into a
stable o-helical coiled coil serves as a tool for the systematic
study of the interplay between a primary structure and envi-
ronmental conditions for the evolution of peptide secondary
structure. Those newly designed peptides bear all of the features
required for the formation of cooperatively interacting helical
structures. Furthermore, they contain domains for cooperative
sheet aggregation. In other words, peptides that follow the
characteristic heptad repeat of the a-helical coiled coil structural
motif are no longer necessarily a-helical. The resulting secondary
structure will now strongly depend on the environment. Thus,
this system allows us to study the subtle influences that envi-
ronmental conditions might have on protein folding. Changes
can be made stepwise, or in all of the possible combinations
that nature applies in vivo. Information gained from these
systematic investigations will contribute to the elucidation of
complex protein folding processes. The model system introduced
exhibits a new opportunity for the selective inhibition of fibril
formation.
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Novel reaction pathways for the hypervalent iodine-mediated oxidation of bioactive phenols containing extended
conjugated m-systems are described. Oxidation of 4-hydroxystilbenes in methanol using a hypervalent iodine-based
oxidant led to the formal 1,2-addition of methoxy groups across the central stilbene double bond. Treatment of the
structurally related 4-hydroxyisoflavone with di(trifluoroacetoxy)iodobenzene leads to the surprising formation of
2,4'-dihydroxybenzil. Potential mechanisms for these new reaction pathways are discussed, and the X-ray crystal
structure of 2,4'-dihydroxybenzil is presented. In contrast, oxidation of the corresponding 3-hydroxystilbenes and
3-hydroxyisoflavone led to conventional dienone oxidation products. The antitumour implications of these oxidation
processes are briefly highlighted; the novel 4-substituted phenolic oxidation products were found to be inactive in
terms of in vitro antitumour cellular activity, whereas the 3-substituted phenol products gave novel agents with potent

and enhanced antitumour activity in the HCT 116 cancer cell line.

Introduction

The chemical oxidation of simple para-substituted phenols 1
to 4,4-disubstituted cyclohexa-2,5-dien-1-ones 2 using a variety
of oxidising agents has previously been well-studied.! Reagents
used to accomplish this transformation include hypervalent
iodine oxidants such as diacetoxyiodobenzene (DAIB) and
di(trifluoroacetoxy)iodobenzene (DTIB),* thallium(1) nitrate,?
peracetic acid,* and electrochemical® and photooxidative® meth-
ods. However, the mechanistic details associated with this simple
synthetic transformation remain to be fully elucidated, with the
nature of the intermediate (3 or 4) dependent on the substituent
group R (Scheme 1).
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Our research in this area has focussed on the hypervalent
iodine oxidation of bioactive phenols,”® which can give rise to
novel products with interesting biological properties, exemplified
by the oxidation of 2-(4-hydroxyphenyl)benzothiazole 5 to the
experimental antitumour agent (6: AW 464) in a single step
(Scheme 2).°
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H,0(9:1).
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As part of our studies on the chemistry associated with
antitumour phenolic (E)-stilbenes' and isoflavones,' we here
report our findings on the unusual hypervalent iodine oxidation
pathways undertaken by para-substituted phenols of these types,
and the resulting novel products. The contrasting conventional
oxidation products resulting from the chemical oxidation of
the corresponding meta-substituted phenols are also presented
here. The antitumour activity of these new chemical oxidation
products has been studied in two human cancer cell lines.

Results and discussion
Use of fluorous hypervalent iodine oxidant

We have prepared previously a series of 4-hydroxystilbenes
(exclusively as (E)-isomers) for the purposes of screening for
antitumour (apoptosis-inducing) activity and examination of
their oxidation chemistry mediated by hypervalent iodine-based
reagents.’ Surprisingly the hydroxylated stilbenes examined
(R = H, F, OMe; where R substituents are on the non-
hydroxylated ring) were found to be unreactive when treated with
the most commonly used hypervalent iodine oxidants DAIB and
DTIB in methanol under ambient conditions.

The initial lack of reactivity of 4-hydroxystilbenes was
solved through the use of a more reactive “fluorous” oxi-
dant, [bis(trifluoroacetoxy)]tridecafluoro-6-iodohexane 7." Lit-
erature methods for the preparation of this and related fluorous
oxidants have previously made use of a 90% solution of hydrogen
peroxide in order to prepare the trifluoroperacetic acid® required
to oxidise commercially available perfluorohexyl iodide to the
product. The potentially explosive nature of highly concentrated
hydrogen peroxide means that such solutions are no longer
available commercially, and methods to concentrate available
solutions of lower concentration are hazardous. We therefore
devised our own method for the preparation of 7 through the
use of commercially available urea-hydrogen peroxide complex
(UHP) in place of concentrated hydrogen peroxide solution.

The oxidation of perfluorohexyl iodide using the relatively
stable UHP complex in a mixture of trifluoroacetic acid (TFA)
and trifluoroacetic anhydride (TFAA) affords the target oxidant

This journal is © The Royal Society of Chemistry 2005





CF3(CFy)5l ———— CF3(CF5)5/(OCOCF3),
7

Scheme 3  Reagents and conditions: urea-H,O, complex, (CF;CO),0,
CF;CO,H.

7 in a single step through generation of trifluoroperacetic acid
in situ (Scheme 3). The use of UHP in this instance provides
a good alternative to concentrated hydrogen peroxide; the
complex is not only more stable and thus preferred from a safety
perspective, but in addition avoids the use of water, which here
would compromise the solubility of the perfluorinated substrate.
However, special care needs to be taken in the order of addition
of reagents; the exothermic addition of trifluoroacetic anhydride
to a stirred suspension of urea—hydrogen peroxide complex in
trifluoroacetic acid should be carried out slowly, keeping the
reaction temperature below 0 °C, followed by dropwise addition
of the perfluorohexyl iodide to form the required hypervalent
oxidant 7.

Oxidation of 4-hydroxy-(E)-stilbenes

Our reasons for testing the fluorous oxidant 7 for oxidation
studies on our 4-hydroxylated stilbenes were two-fold: firstly to
provide a more reactive oxidant following the observed lack of
reactivity using the more conventional hypervalent iodine oxi-
dants DAIB and DTIB in methanol; and secondly to enable the
easy removal of the oxidation reaction by-product tridecafluoro-
6-iodohexane by fluorous extraction techniques, according to
the principles established by Curran and co-workers.”* This
would avoid the normal chromatographic purification required
to remove iodobenzene following conventional hypervalent
iodine-mediated oxidation chemistry.

Oxidation of 4-hydroxystilbenes 8a—d using the fluorous
oxidant 7 proved to be experimentally very straightforward,
as the perfluorohexyl iodide by-product (bp 140 °C) could be
removed simply by evaporation in vacuo. However, 'H NMR
analysis of the resulting product revealed the rather surprising
formal addition of methoxy groups across the central alkene
bond to give the novel products 9a—d (Scheme 4), as opposed
to the formation of a hydroxycyclohexa-2,5-dienone 10, as
is the case with other 4-substituted phenols such as 2-(4-
hydroxyphenyl)benzothiazole 5. The 1,2-addition of methoxy
groups across a stilbene double bond using hypervalent iodine-
based reagents constitutes an unusual synthetic pathway; some
literature precedent for the 1,2-addition of oxygen-bearing
groups has previously been observed, for example in the
formation of a 1,2-diacetate by-product from the manganese
triacetate oxidative lactonisation of resveratrol analogues.’
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Scheme 4  Reagents and conditions: (i) C¢F;1(OCOCF;),, MeOH.

Oxidation of 4-hydroxystilbenes 8a—d using oxidant 7 gave
facile access to diaryl-1,2-dimethoxyethanes 9a—d in moderate
to good yields as mixtures of diastereoisomers (Scheme 4).
Separation by column chromatography gave access to pure
diastereoisomers as racemic mixtures. A possible mechanism to
account for the unusual reaction pathway observed is presented
in Scheme 5.
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Scheme 5

Oxidation of 4-hydroxyisoflavone

Hydroxylated isoflavonoids of natural origin such as the
soya-derived trihydroxylated isoflavone genistein are known to
possess a range of biological properties, including anticancer
potential.'® Related chemistry within our group has focussed on
the synthesis and application of novel isoflavones and derivatives
as potential antitumour agents."! Since 4-hydroxyisoflavone
11 is structurally related (as a cyclic variant) to the 4-
hydroxystilbenes 8a—d, we were interested to explore the hy-
pervalent iodine-mediated oxidation chemistry of 11. However,
unlike the 4-hydroxystilbenes, oxidation of 4-hydroxyisoflavone
could be achieved under conditions analogous to those used
for oxidation of 2-(4-hydroxyphenyl)benzothiazole 5 (DTIB
and 2,2,6,6-tetramethylpiperidinyloxy free radical (TEMPO) in
acetonitrile-water). Once again, oxidation to the corresponding
hydroxycyclohexa-2,5-dienone 12 was not the observed reaction
pathway; instead 11 was converted in 46% yield to the 2,4'-
dihydroxybenzil 13 (Scheme 6). A possible reaction mechanism
to account for the formation of the benzil product is proposed
in Scheme 7. It is noteworthy that in the absence of TEMPO, the
conversion of 11 to 13 occurs more slowly, and with the forma-
tion of significant by-products leading to a lower yield of product
13. We speculate that TEMPO may in this instance be acting as
a “quench” for radical by-products formed during the oxidation
process, facilitating workup and isolation of 13 in moderate
yield. The role of TEMPO in enhancing the yield of related
phenolic oxidation processes has been previously observed."”
However, the contribution of radical intermediates (not included
in the postulated mechanism outlined in Scheme 7), cannot be
discounted. The true role of TEMPO, itself a known co-oxidant
in the hypervalent iodine oxidation of alcohols,” remains the
subject of speculation.

Scheme 6 Reagents and conditions: (1) PhI(OCOCF;),, TEMPO,
CH,CN-H,0
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An X-ray crystal structure determination for the 2.4'-
dihydroxybenzil 13 (Fig. 1'*) confirms the disparate hydroxyla-
tion sites. The 2-hydroxy group forms the expected intramolec-
ular hydrogen bond to the nearby carbonyl oxygen atom with
an H- - - O hydrogen bond distance of 1.80 A

Fig. 1 ORTEP" drawing of the 2,4'-dihydroxybenzil molecule 13.
Displacement ellipsoids are drawn at the 50% level.

Oxidation of 3-hydroxy-(E)-stilbenes

‘We have previously reported our studies on the synthesis of novel
dienone-based antitumour agents via the hypervalent iodine-
mediated oxidation of 2-(3-hydroxyphenyl)benzothiazoles.®
Chemical oxidation of a series of analogous 3-hydroxy-(E)-
stilbenes 14a—d (bearing substituents corresponding to the 4-
hydroxy series 8a—d) was achieved simply by treating the phe-
nolic stilbenes with DAIB in methanol at ambient temperature.
This simple oxidation process led to the expected substituted
4,4-dimethoxycyclohexa-2,5-dienone oxidation products 15a—d
in moderate yields (45-65%) following column chromatography
(Scheme 8).

Oxidation of 3-hydroxyisoflavone

In contrast to the unusual reaction pathway undertaken by 4-
hydroxyisoflavone 11, the corresponding 3-hydroxyisoflavone 16
was found to undergo a conventional course of oxidation when
treated with DAIB in methanol to give the isoflavone-substituted
dienone 17 in 52% yield (Scheme 8). This expected reaction
pathway was analogous to the chemical oxidation of 3-hydroxy-
(E)-stilbenes.
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Scheme 8 Reagents and conditions: (i) PhI(OCOCH;),, MeOH.

In vitro antitumour activity

Our studies on the generation of novel oxidation products of
bioactive phenols have been stimulated by the potential role of
metabolic oxidation as a bioactivating event underpinning the
biological mechanism of action of antitumour phenols.®*® For
example, the observation that di- and tri-phenolic tyrphostins
decompose in solution to more active protein tyrosine kinase
inhibitors,* whereas tyrphostins devoid of hydroxyl groups have
a rapid onset of cellular activity? is suggestive of bioactivation
via metabolic oxidation.

We have tested the antiproliferative activity of both 4- and 3-
hydroxystilbenes 8a—d and 14a—d plus their respective oxidation
products 9a—d and 15a—d to further test the hypothesis that novel
phenolic oxidation products can possess enhanced antitumour
activity. The hydroxylated stilbenes and their oxidation products
were examined in two human cancer cell lines in vitro— HCT 116
(colorectal) and MDA MB 468 (breast). The mean Glj, results
(concentration required to inhibit growth by 50%) are presented
in Table 1.

The 4- and 3-hydroxystilbene starting materials display mod-
erate growth inhibitory activity in the two cell lines examined,
and are markedly more active in the MDA MB 468 cell line."® Ox-
idation of 4-hydroxystilbenes 8a—d to the 1,2-dimethoxyethane
derivatives has a dramatic dyschemotherapeutic effect, and
the resulting oxidation products 9a—-d display essentially no
antiproliferative activity. On the other hand, oxidation of





Table 1 Cell growth inhibitory (Gls) activity of substituted (E)-hydroxystilbenes and their oxidation products in HCT 116 and MDA MB 468 cell

lines (tested in triplicate, mean values presented)

Gls5,/uM Gl /uM
Phenol R HCT 116 MDA MB 468 Oxidation product HCT 116 MDA MB 468
8a H 39.6 13.0 9a > 100 >100
8b 3-OMe 37.4 7.2 9b > 100 >100
8c 4-F 21.0 8.1 9¢ > 100 >100
8d 3-F 40.3 7.7 9d > 100 >100
14a H 57.4 7.8 15a 0.62 2.5
14b 3-OMe 62.0 3.1 15b 2.1 3.3
14¢ 4-F 58.0 4.7 15¢ 1.1 2.2
14d 3-F 44.2 2.1 15d 0.46 0.98

the corresponding 3-hydroxystilbenes 14a—d produces dienone
products 15a—d with greatly enhanced activity in the colon HCT
116 cell line (around 30-100-fold enhancement). However, no
significant increase in antiproliferative activity is seen in the
MDA MB 468 cell line. Preliminary findings concerning the in
vitro antitumour activity of hydroxylated isoflavones and their
oxidation products are not indicative of enhancement of activity
following chemical oxidation (results not shown).

Conclusions

In conclusion, we have demonstrated in this report that hyper-
valent iodine-mediated oxidation of bioactive phenols such as
simple hydroxylated stilbenes and isoflavones can lead to novel
and interesting reaction pathways and products. Further studies
in this area will help to clarify the rules governing reaction
pathways for phenolic compounds with extended conjugated -
electron systems using hypervalent iodine-based oxidants, and
should shed light on the mechanistic details underpinning this
interesting and novel chemistry. We have further tested our hy-
pothesis that phenolic oxidation can lead to novel products with
enhanced antitumour activity. In this case the non-conventional
oxidation products 9a—d from 4-hydroxystilbenes were inactive
in the models examined; whereas the conventional hypervalent
iodine-mediated 3-hydroxystilbene oxidation products 15a-d
displayed potent (low to submicromolar) activity in the colon-
derived HCT 116 cell line. Further studies concerning the
antitumour potential of dienone products 15a—d will be reported
in due course.

Experimental

Commercial reagents and solvents were used as received,
unless otherwise specified. Melting points were recorded on a
Gallenkamp melting point apparatus, and are uncorrected. 'H
NMR spectra were recorded on a Bruker Avance 400 MHz
spectrometer in solvents as specified, with tetramethylsilane as
internal standard. Low resolution mass spectra were recorded
on a Micromass Platform (AP*, ES*). High resolution mass
spectrometry (HRMS) was carried out by the services provided
by the School of Chemistry, University of Nottingham and
EPSRC National Mass Spectrometry Service Centre, Swansea,
UK. Silica gel TLC was performed on 60F-254 pre-coated sheets
(Merck). Elemental analyses were carried out by the microanal-
ysis service, School of Chemistry, University of Nottingham. X-
Ray diffraction data were collected on an Enraf-Nonius CAD4
diffractometer (Mo—Ka irradiation at 293 K). The structure was
solved by direct methods and refined by full-matrix least squares.

[Bis(trifluoroacetoxy)|tridecafluoro-6-iodohexane (7)

Trifluoroacetic anhydride (4.2 mL, 30 mmol) was added very
slowly to a stirred suspension of urea—hydrogen peroxide
complex (2.82 g, 30 mmol) in TFA (60 mL) at —5 °C, maintaining
the temperature of the solution below 0 °C throughout the

addition (Caution: the reaction is exothermic and potentially
explosive). Stirring was continued at this temperature for 30 min.
Perfluorohexyl iodide (6.48 mL, 30 mmol) was then added
dropwise, with continuous stirring. The reaction mixture was left
to stir at 0 °C for 2 h, then allowed to reach room temperature
and left overnight. The excess TFA was removed in vacuo to give
7' (28.2 mmol, 94%) as a white solid, mp 67 °C (decomposition);
Jr (CD,0D) —77.8 (6F, m, 2 x OCOCF;), —81.3 (2F, m, CF,]),
—82.8 (3F, m, CF;), —117.0 (2F, m, CF,), —123.1 (2F, m, CF,),
—124.11 2F, m, CF,), —127.7 2F, m, CF,); IR v/cm™' 1744
(C=0).m/z 673 (M"* + 1).

General method for the oxidation of substituted
4-hydroxy-(E)-stilbenes

The substituted 4-hydroxy-(E)-stilbene 8a—d (3.0 mmol) was
dissolved in methanol. [Bis(trifluoroacetoxy)]tridecafluoro-6-
iodohexane 7 was added as one portion at room temperature,
and the mixture was left to stir for 10 min. The solution was
concentrated in vacuo, to give the oxidation product as a mixture
of diastereoisomers. Purification by flash column chromatogra-
phy (hexane—EtOAc 80 : 20) afforded pure diastereoisomers as
crystalline white solid products.

1-(4-Hydroxyphenyl)-1,2-dimethoxy-2-phenylethane (9a).

Fraction 1. Yield 34%; mp 144-146 °C; oy (CDCl;) 7.27 (3H,
m, ArH), 7.17 2H, m, ArH), 7.04 (2H, d, J 8.5 Hz, ArH), 6.75
(2H, d, J 8.5 Hz, ArH), 4.98 (1H, s, ArOH), 4.31 (1H, d, J
5.5 Hz, ArCHOMe), 4.26 (1H, d, J 5.5 Hz, ArCHOMe), 3.16
(3H, s, OCH,), 3.14 (3H, s, OCH;). 6. (CD;0D) ¢ 158.5 (COH),
139.9 (ArC), 130.6 (ArCH), 130.3 (ArC), 129.5 (ArCH), 129.3
(ArCH), 129.1 (ArCH), 116.1 (ArCH), 89.5 (CHOMe), 89.0
(CHOMe), 57.5 (OCHj;), 57.2 (OCH;). IR v/cm™' 3274 (OH),
2964 (CH), 2834 (CH), 1267, 1117, 1091; m/z (EI) 259 (M* +
1), 227 (M* — OMe). Anal. (C,sH50;) %C: caled 74.40, found
74.06; %H: calcd 7.02, found 6.80.

Fraction 2. Yield 29%; mp 165-167 °C; oy (CDCl;) 7.30 (3H,
m, ArH), 7.18 (2H, m, ArH), 7.09 (2H, d, J 8.5 Hz, ArH), 6.77
(2H, d, J 8.5 Hz, ArH), 5.37 (1H, s, ArOH), 4.28 (1H, d, J
7.7 Hz, ArCHOMe), 4.26 (1H, d, J 7.7 Hz, ArCHOMe), 3.25
(3H, s, OCH,), 3.23 (3H, s, OCH,); IR v/cm™' 3397 (OH), 2898
(CH), 2847 (CH), 1284, 1125, 1054; m/z (EI) 259 (M* + 1), 227
(M* — OMe). Accurate m/z (ES—) found: 257.1170; C,4H 505
requires 257.1178.

1-(4-Hydroxyphenyl)-1,2-dimethoxy-2-
(3-methoxyphenyl)ethane (9b).

Fraction 1. Yield 19%; mp 85 °C; dy (CDCly) 7.22 (1H, t, J
8.0 Hz, ArH), 7.08 (2H, d, J 8.5 Hz, ArH), 6.86 (5H, m, ArH),
6.59 (1H, s, ArOH), 4.39 (1H, d, J 5.5 Hz, ArCHOMe), 4.31
(1H,d, J 5.5Hz, ArCHOMe), 3.75 (3H, s, ArOCH;), 3.20 (3H, s,
OCH,), 3.18 (3H, s, OCH,); IR v/cm™ 3347 (OH), 2944 (CH),
2826 (CH), 1272, 1226, 1161, 1091; m/z (E1) 288 (M* + 1). Anal.
(C;H5,0,) %C: caled 70.81, found 70.45; %H: calc 6.99, found
6.96.
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Fraction 2. Yield 28%; mp 160 °C; 6, (CDCl;) 7.10 (1H, t, J
8.2 Hz, ArH), 6.93 (2H, d, J 8.5 Hz, ArH), 6.71 (5H, m, ArH),
5.19 (1H, s, ArOH), 4.27 (2H, s, 2 x ArCHOMe), 3.72 (3H, s,
ArOCH,), 3.29 (3H, s, OCH,;), 3.27 (3H, s, OCHj;); IR v/cm™
3277 (OH), 2990 (CH), 2872 (CH), 1281, 1214, 1083, 1050;
m/z (EI) 288 (M* + 1). Accurate m/z (ES—) found: 287.1302;
C,;H, 0, requires 287.1284.

1-(4-Hydroxyphenyl)-1,2-dimethoxy-2-(4-fluorophenyl)ethane
(9c).

Fraction 1. Yield 31%; mp 139-140 °C; ¢, (CDCl;) 7.15 (2H,
m, ArH), 7.02 (4H, m, ArH), 6.75 (2H, d, J 8.5 Hz, ArH), 5.69
(1H, s, ArOH), 4.34 (1H, d, J 5.3 Hz, ArCHOMe), 4.29 (1H, d,
J 5.3 Hz, ArCHOMe), 3.19 (3H, s, OCH,), 3.17 (3H, s, OCH,);
IR v/cm™' 3359 (OH), 2940 (CH), 2828 (CH), 1337 (C-F), 1218,
1104,1013; m/z (EI) 277 (M* + 1). Anal. (C,;H,;FO;) %C: calcd
69.55, found 69.53; %H: calc 6.20, found 6.31.

Fraction 2. Yield 28%; mp 166 °C; 6y (CDCl;) 7.01 (3H, m,
ArH), 6.86 (3H, m, ArH), 6.70 (2H, d, J 8.6 Hz, ArH), 5.28
(1H, s, ArOH), 4.32 (1H, d, J 7.7 Hz, ArCHOMe), 4.26 (1H, d,
J 7.7 Hz, ArCHOMe), 3.27 (3H, s, OCH,), 3.26 (3H, s, OCH,);
IR v/cm™ 3271 (OH), 2901 (CH), 2872 (CH), 1358 (C-F), 1231,
1083, 1062; m/z (E1) 277 (M* + 1). Accurate m/z (ES—) found:
275.1073; C,H,;FO; requires 275.1084.

1-(-Hydroxyphenyl)-1,2-dimethoxy-2-(3-fluorophenyl)ethane
(9d).

Fraction 1. Yield 31%; mp 122-123 °C; 6, (CDCl;) 7.27 (1H,
m, ArH), 7.04 (2H, d, J 8.5 Hz, ArH), 6.92 (3H, m, ArH), 6.76
(2H, d, J 8.5 Hz, ArH), 4.74 (1H, s, ArOH), 4.29 (1H, d, J
5.5 Hz, ArCHOMe), 4.25 (1H, d, J 5.5 Hz, ArCHOMe), 3.19
(3H, s, OCHj;), 3.16 (3H, s, OCH;); IR v/cm™' 3381 (OH), 2935
(CH), 2886 (CH), 1332 (C-F), 1251, 1097; m/z (EI) 277 (M* +
1). Anal. (C,sH,;FO;) %C: calcd 69.55, found 69.71; %H: calcd
6.20, found 6.40.

Fraction 2. Yield 34%; mp 178 °C; 6y (CDCl;) 7.14 (1H, m,
ArH), 6.90 (2H, d, J 8.5 Hz, ArH), 6.79 (3H, m, ArH), 6.67 (2H,
d, J 8.5 Hz, ArH), 4.73 (1H, s, ArOH), 4.30 (1H, d, J 5.2 Hz,
ArCHOMe), 4.25 (1H, d, J 5.2 Hz, ArCHOMe), 3.29 (3H, s,
OCH,), 3.26 (3H, s, OCH,); IR v/cm™' 3254 (OH), 2938 (CH),
2794 (CH), 1358 (C-F), 1276, 1215, 1117, m/z (EI) 277 (M* +
1). Accurate m/z (ES—) found: 275.1108; C,(H;FO; requires
275.1084.

2.4'-Dihydroxybenzil (13). A solution of DTIB (0.65 g,
1.50 mmol) in acetonitrile (5 mL) was added slowly to a
stirred suspension of TEMPO (0.031 g, 0.20 mmol) and 3-(4-
hydroxyphenyl)-4 H-1-benzopyranone 11 (0.238 g, 1.00 mmol)
in a1 : 1 mixture of acetonitrile and water (40 mL). The solution
volume was immediately reduced in vacuo to approximately
20 mL, then water (50 mL) and ethyl acetate (50 mL) were
added. The organic phase was separated and washed with
saturated aqueous potassium carbonate (50 mL). The aqueous
layer was then neutralised using 1 M HCI and extracted using
20% MeOH-CH,Cl, (2 x 200 mL), and the combined organic
layers were dried (MgSO,) and concentrated in vacuo. The
crude product was recrystallised from methanol to give 2,4'-
dihydroxybenzil (0.167 g, 46%) as a yellow solid, mp 160-163 °C;
ou (CDCLy) 11.44 (1H, s, ArOH), 7.92 (1H, d, J 10.0 Hz,
ArH, 7.52 (2H, m, ArH), 7.14 (1H, m, ArH), 6.93 (3H, m,
ArH), 5.75 (1H, br s, ArOH); é. (CDCI;) 200.0 (C=0), 191.2
(C=0), 163.8 (ArC), 162.5 (ArC), 138.5 (ArCH), 133.5 (ArCH),
133.0 (ArCH), 126.3 (ArC), 120.1 (ArCH), 119.1 (ArCH), 117.1
(ArC), 116.4 (ArCH); IR v/cm™" 3369 (OH), 1629 (C=0), 1599,
1575, 1514, 1485, 1452; m/z (EI) 242 (M*). Accurate m/z (ES—)
found: 242.0571; C,,H,,0, requires 242.0579.

Crystal data. Compound 13. C,;H,,0,, M = 242.22, mon-
oclinic, a = 17.771(5) A, b = 10.833(2) A, ¢ = 15.115(4) A,
B = 124.564(18)°, U = 2396.3(10) A3, T = 293(2) K, space
group C2/¢, Z =8, u(MoKa) = 0.71073 mm™"', 4305 reflections
measured, 1456 unique (R, = 0.0610) which were used in all
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calculations. The final R1 and wR2 were 0.0435 and 0.1113 (for
I > 20(1)), and 0.0700 and 0.1268 (for all data).

CCDC reference number 279000. For crystallographic data
in CIF or other electronic format see DOI: 10.1039/b510240e.

General method for the oxidation of substituted
3-hydroxy-(E)-stilbenes

The substituted 3-hydroxy-(E)-stilbene 14a—d (1 mmol) was dis-
solved in methanol. Diacetoxyiodobenzene (3 mmol) was added
as one portion at room temperature, and the mixture was left to
stir for 10 min. The solvent was then removed in vacuo and the
residue purified by flash chromatography (CHCI;) to afford the
product 15a—d as a pale yellow to orange oil.

4,4-Dimethoxy-3-styrylcyclohexa-2,5-dien-1-one (15a). Or-
ange oil. Yield 65%. '"H NMR (CDCl;) 6 7.60 (1H, d, J 16.0 Hz,
CH=CH), 7.54 (2H, m, ArH), 7.35 (3H, m, ArH), 6.88 (1H,
d, J 16.0 Hz, CH=CH), 6.71 (1H, d, J 10.0 Hz, H-2), 6.54
(1H, d, J 1.6 Hz, H-3), 6.50 (1H, dd, J 10.0, 1.6 Hz, H-1), 3.23
(6H, s, 2 x OMe); *C NMR (CD,;0D) ¢ 185.5 (C=0), 151.8,
144.2, 137.7, 136.2, 132.4, 129.3 (x2), 128.8, 128.3, 127.5 (x2),
122.8, 96.3 (C4OCH,;),), 51.3 (2 x OCH;); IR v/cm™' 1668
(C=0), 1584 (aromatic C=C), 1291 (C-0), 1107 (C-0), 967
(trans C=C). Accurate m/z (ES—) found 256.1106; C,sH O,
requires 256.1099. Anal. (C,4H,s0;) %C: caled 74.98, found
75.35; %H: caled 6.29, found 6.36.

4,4-Dimethoxy-3-[2-(3-methoxyphenyl)vinyl]cyclohexa-2,5-
dien-1-one (15b). Yellow oil. Yield 45%. '"H NMR (CDCl;)
0 7.59 (1H, d, J 16.35 Hz, CH=CH), 7.28 (1H, t, J 8.0 Hz,
ArH), 7.18 (1H, d, J 7.7 Hz, ArH), 7.08 (1H, m, ArH), 6.95
(IH, m, ArH), 6.88 (1H, d, J 16.35 Hz, CH=CH), 6.73 (1H,
d, J 10.2 Hz, H-2), 6.56 (1H, d, J 1.95 Hz, H-3), 6.51 (1H,
dd, J 10.2, 1.9 Hz, H-1), 3.86 (3H, s, OMe), 3.26 (6H, s, 2 x
OMe); "C NMR (CD;0D) d 185.4 (C=0), 159.8, 151.7, 144.1,
137.6, 137.4, 132.3, 129.7, 127.6, 123.0, 120.1, 115.2, 112.3,
96.3 (C4(OCHj;),), 55.2 (OCH;), 51.2 (2 x OCH;); IR v/cm™'
1664 (C=0), 1575 (C=C), 1215 (C-0), 1108 (C-0), 973 (trans
C=C). Accurate m/z (ES—) found 286.1209; C,;H O, requires
286.1205.

4,4-Dimethoxy-3-|2-(4-fluorophenyl)vinyl]cyclohexa-2,5-dien-
1-one (15¢). Orange oil. Yield 54%. '"H NMR (CDCl;) ¢ 7.56
(1H, d, J 16.0 Hz, CH=CH), 7.53 (2H, m, ArH), 7.10 (2H, t, J
8.1 Hz, ArH), 6.78 (1H, d, J 17.0 Hz, CH=CH), 6.71 (1H, d,
J 10.0 Hz, H-2), 6.52 (1H, d, J 2.0 Hz, H-3), 6.50 (1H, dd, J
10.0, 2.0 Hz, H-1), 3.23 (6H, s, 2 x OMe); *C NMR (CD,0D)
0 185.9 (C=0), 162.0 (1C, d, J 239.3 Hz), 152.1, 144.5, 136.9,
132.8, 129.7 (2C, d, J 8.2 Hz), 127.9, 116.4 (2C, d, J 21.8 Hz),
96.7 (C4(OCH,),), 51.7 (2 x OCH,); IR v/cm™' 1666 (C=0),
1582 (aromatic C=C), 1215 (C-0), 978 (trans C=C). Accurate
m/z (ES—) found 274.1009; C,;H,s;FO; requires 274.1005.

4,4-Dimethoxy-3-[2-(3-fluorophenyl)vinyl]cyclohexa-2,5-dien-
1-one (15d). Orange oil. Yield 54%. '"H NMR (CDCl;) d 7.55
(1H, d, J 16.3 Hz, CH=CH), 7.35 (3H, m, ArH), 7.06 (1H,
m, ArH), 6.86 (1H, d, J 16.3 Hz, CH=CH), 6.74 (1H, d, J
10.2 Hz, H-2), 6.54 (1H, d, J 1.8 Hz, H-3), 6.50 (1H, dd, J
10.2, 1.8 Hz, H-1), 3.26 (6H, s, 2 x OMe); *C NMR (CD;0D)
0 185.4 (C=0), 165.0 (1C, d, J 246.1 Hz), 151.4, 144.1, 138.7
(1C, d, J 8.0 Hz), 136.4 (1C, d, J 2.7 Hz), 132.4, 130.3 (1C, d,
J 8.3 Hz), 128.1, 124.1, 123.5 (1C, d, J 2.7 Hz), 116.2 (1C, d, J
21.4 Hz), 113.8 (1C, d, J 21.9 Hz), 96.4 (C4(OCH;),), 51.3 (2 x
OCH,); IR v/cm™' 1664 (C=0), 1582 (aromatic C=C), 1106
(C-0), 979 (trans C=C). Accurate m/z (ES—) found 274.1008;
C,¢H,sFO; requires 274.1005.

3-(6,6-Dimethoxy-3-oxocyclohexa-1,4-dienyl-4 H-1-benzopyran-
4-one (17). A solution of bis(trifluoroacetoxy)iodobenzene
(0.13 g, 0.30 mmol) in methanol (1 mL) was added dropwise
to a solution of 3-hydroxyisoflavone 16 (0.05 g, 0.21 mmol)
in methanol (10 mL). The solution was then concentrated in





vacuo and the residue partitioned between dichloromethane
(20 mL) and saturated aqueous potassium carbonate (20 mL).
The separated organic layer was washed with water (20 mL),
then dried (MgSO,) and concentrated in vacuo. The crude
product was purified by flash column chromatography (15 : 85
hexane-ethyl acetate) to give the dienone product 17 (0.031 g,
52%) as a pale yellow solid, mp 167-170 °C; 6, (CDCl;) 9.00
(1H, s, H-2), 8.29 (1H, dd, J 8.0, 1.6 Hz, ArH), 7.71 (2H, m,
ArH and C=CH), 7.49 (2H, m, ArH), 6.73 (1H, d, J 10.0 Hz,
HC=CH), 6.54 (1H, dd, J 10.0, 2.0 Hz, HC=CH), 3.27 (6H, s,
OCH,); IR v/cm™' 1728 (C=0), 1672 (C=0), 1647, 1617, 1565,
1266; m/z (EI) 298 (M*). Anal. (C;;H,,05) %C: calcd 68.45,
found 68.12; %H: caled 4.73, found 5.10.

Acknowledgements

This work was supported by a Programme Grant to the Cancer
Research UK Experimental Cancer Chemotherapy Research
Group. The authors are grateful to Marloes Technologies and
the EPSRC for financial support to C.J.L., and to the University
of Nottingham and Cancer Research UK for financial support
to D.AV.

References

1 B. E Sels, D. E. De Vos and P. A. Jacobs, Angew. Chem., Int. Ed.,
2005, 44, 310-313, and references therein.

2 Y. Tamura, T. Yakura, J. Haruta and Y. Kita, J. Org. Chem., 1987,
52, 3930-3932.

3 A. McKillop, D. H. Perry, M. Edwards, S. Antus, L. Farkas, M.
Nogradi and E. C. Taylor, J. Org. Chem., 1976, 41, 282-287.

4 D. C. Johnson and J. C. Farrand, J Org. Chem., 1971, 36, 3606—
3612.

5 A.Nilsson, A. Ronlan and V. D. Parker, Tetrahedron Lett., 1975, 16,
1067-1070.

6 K. Endo, K. Seya and H. Hikino, Tetrahedron, 1989, 45, 3673-3682.

7 G. Wells, A. Seaton and M. F. G. Stevens, J. Med. Chem., 2000, 43,
1550-1562.

8 G. Wells, T. D. Bradshaw, P. Diana, A. Seaton, D.-F. Shi, A. D.
Westwell and M. F. G. Stevens, Bioorg. Med. Chem. Lett., 2000, 10,
513-515.

9 G. Wells, J. M. Berry, T. D. Bradshaw, A. M. Burger, A. Seaton, B.
Wang, A. D. Westwell and M. F. G. Stevens, J. Med. Chem., 2003,
46, 532-541.

10 C. J. Lion, C. S. Matthews, M. F. G. Stevens and A. D. Westwell,
J. Med. Chem., 2005, 48, 1292-1295.

11 D. A. Vasselin, PhD Thesis, University of Nottingham, UK, 2003.

12 T. Umemoto, Y. Kuriu, H. Shuyama, O. Miyano and S. Nakayama,
J. Fluorine Chem., 1982, 20, 695-698.

13 P. A. Krasutsky, I. V. Kolomitsyn, P. Kiprof, R. M. Carlson, N. A.
Sydorenko and A. A. Fokin, J. Org. Chem., 2001, 66, 1701-1707.

14 D. P. Curran, in Handbook of Fluorous Chemistry, ed. J. Gladysz,
1. Horvath and D. P. Curran, Wiley-VCH, Weinheim, Germany,
2004, pp. 128-155.

15 N. F. Thomas, K. C. Lee, T. Paraidathathu, J. F. F. Weber and K.
Awang, Tetrahedron Lett., 2002, 43, 3151-3155.

16 S. Barnes, J. Nutr., 1995, 125, S777-S783.

17 A. McKillop, L. McLaren, R. J. Watson, R. J. K. Taylor and N.
Lewis, Tetrahedron Lett., 1993, 34, 5519.

18 A. DeMico, R. Margarita, L. Parlanti, A. Vescovi and G. Piancatelli,
J. Org. Chem., 1997, 62, 6974.

19 C. K. Johnson, ORTEP. Report No. ORNL-5138. Oak Ridge
National Laboratory, Tennessee, USA, 1976.

20 J. M. Berry, T. D. Bradshaw, I. Fichtner, R. Ren, C. H. Schwalbe,
G. Wells, E.-H. Chew, M. F. G. Stevens and A. D. Westwell, J. Med.
Chem., 2005, 48, 639-644.

21 C. A. Faaland, F. H. Mermelstein, J. Hayastin and J. D. Laskin, Mol.
Cell. Biol., 1991, 11, 2697-2703.

22 K. B.Reddy, G. L. Mangold, A. K. Tandon, T. Yoneda, G. R. Mundy
and A. Zilberstein, Cancer Res., 1992, 52, 3631-3641.

Org. Biomol. Chem., 2005, 3, 3996-4001

4001







DOI:10.1039/b510262f

COMMUNICATION

Positive ion pair cooperativity exhibited for the binding of phosphate

under physiological conditionsT

Patrick T. Gunning*

University of Glasgow, Joseph Black Building, Dept. of Chemistry, Glasgow, UK G12 8QQ.
E-mail: patrick.gunning@yale.edu; Fax: 203 432 5570, Tel: (001)203 432 5218

Received 25th July 2005, Accepted 6th September 2005

First published as an Advance Article on the web 27th September 2005

The synthesis of a heteroditopic receptor which exhibits
positive cooperativity for the binding of phosphate ion
pairs under physiological conditions. Optimised comple-
mentarity between crown ether host and metal guest leads
to increased binding affinity, K,.

Introduction

Ion pair cooperativity! is an exciting facet of molecular
recognition which has yet to be fully explored by biomimetic
chemists. The thermodynamics of binding interactions in aque-
ous environments have come to prominence with the use of
techniques such as isothermal titration calorimetry (ITC).2
Through the determination of AH® and the affinity constant
K, it is possible to obtain a full thermodynamic profile of
the binding event. In particular, calorimetric techniques have
been used to great effect in biological research to measure the
affinities of substrates for specific proteins and to elucidate
the stoichiometries of the interactions.®* More recently ITC, in
conjunction with other spectroscopic methods, has been used to
probe the thermodynamic contributions of artificial host—guest
complexation.*

There have been a number of calorimetric investigations into
the binding of ion pairs by artificial guest receptors in non-polar
solvents,® but there are limited examples of such experiments
in an aqueous environment.® The focus of this work was to
determine the nature of the binding cooperativity between ions
in established heteroditopic ion pair receptors.” Previous study
by Anslyn into the origin of negative cooperativity was based
around the findings of Jencks.?

AG°s =AG°, + AG°y — AG® 3

Jencks formulated an equation which considered the Gibb’s
free energies of ion pair binding." This stated that the Gibb’s
free energy of connection or tether between the two ions AG®,
is equal to the sum of the individual component parts, AG°,
and AG°y and the overall free energy for the binding of the
ion pair AG® 5. Therefore, if AG® 5 is more favourable than the
combined free energies of AG°, and AG®y, then a positive AG°g
value will result. Positive cooperativity is denoted by a positive
AG°g and counter-wise a negative AG°s value represents negative
cooperativity. Utilisation of this mathematical model, allows the
calculation of AG°s from AG® 55, AG°, and AG®; through ITC.

On this premise I now report the first example of positive ion
pair cooperativity exhibited by an artificial hetero-ditopic re-
ceptor in an aqueous environment. It is important to remember
the inherent difficulties associated with working in an aqueous
environment where hydrophillic receptors must overcome their
own solvation sphere and that of a polar substrate.

Fig. 1 gives the schematic structure of the ligand system.
It has been shown in previous work” that the adoption of a
modular synthetic approach was preferable in terms of ligand

+ Electronic supplementary information (ESI) available: synthetic pro-
cedures, ITC data, NMR spectra. See http://dx.doi.org/10.1039/
b510262f
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Fig. 1 Schematic structure of ZnL-(OTf),.

optimisation. The ligand was tested on (X*)(H,PO,”), where
X was either Na*, K* or the Li* cation. The different sized
metal cations offered the opportunity to determine the effect
of the cation on binding cooperativity. Optimum dimensions
for metal/crown ether coordination have been well-established’
and the use of a 19-benzocrown-6" specifically favours the
binding of K* over Na* and Li*. 19-Benzocrown-6 was synthe-
sised with a pendant aldehyde using 2,4-dihydroxybenzaldehyde
and 1,2-bis(2-chloroethoxy-)ethane with K,CO; in 40% yield
(Scheme 1). The aldehyde functional group was oxidized to the
corresponding carboxylic acid through the use of NaO,Cl and
sulfamic acid to give 4. Tri-N-Boc protected cyclen was coupled
to Cbz protected glycine using DCC and DMAP in 78% yield,
furnishing 2. Cbz removal was mediated by 1,4-cyclohexadiene
and 10% Pd/C. The deprotected primary amine 3 was then
coupled to the pendant carboxylic acid of the 19-benzocrown-
6 4 in 85% yield. Boc deprotection in TFA-DCM yielded the
ligand precursor 6, which was complexed to zinc triflate in an
equimolar ratio to form the desired ligand complex, ZnL-(OTf),.

Binding experiments were principally carried out using
isothermal titration calorimetry (ITC), UV-vis titrations and
"H NMR titrations.}

As has been stated, experimental calculation of the sign and
value of AG°g required the values of AG®,5, AG°, and AG®y
individually. AG®,; was found from the binding of the ion
pair (X*)(H,PO,™), and the binding of the individual cation
and anion calculated through the use of a non-coordinating
counter ion. In the case of the cation binding (AG®°,), we used
the corresponding metal perchlorate salt. With all three metal
cations there was no observable metal-ligand interactions in wa-
ter. This was experimentally confirmed using 'H NMR titrations.
Therefore AG°, can be assumed to be 0 kcal mol™'. Determining
the individual phosphate anion binding contribution (AG®;)
was problematic. Attempts to measure the binding affinity of
H,PO,~ with a tert-butyl ammonium non-coordinating counter
cation were hindered by the salts lack of solubility in an
aqueous environment. One can however, assume with reasonable
accuracy that the binding of phosphate is principally achieved
through an oxygen-zinc interaction.®*!* Therefore the binding
of the phosphate anion and the determination of AG°y can
be obtained by using a model system which precludes cation
binding and its effects. Through the use of a zinc(i1) cyclen
model we were able to measure the binding of the individual
phosphate anion. It can be seen from Table 1 that the three
different metal cations have negligible effects upon phosphate
anion binding to zinc(11) cyclen. Therefore, the model gives the
individual phosphate anion binding to the zinc metal centre. It
is important to realise that the findings are based on a model
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Table 1 Thermodynamic data for the binding of ZnL and Zn cyclen in HEPES buffer at pH 7.4 at 25 °C

Ligand Ligand : substrate binding ratio®  Substrate K x 10 AG°/kcalmol™'*  AH®/kcal mol™! —TAS®/kcal mol™!
ZnL 1:1 Na[H,PO,] 390+ 0.81° —6.57 0.39 £ 0.02 6.96
ZnL 1:1 K[H,PO,] 510+ 094 —6.42 0.29 £ 0.02 6.71
ZnL 2:1 Li[H,PO,] 3.13+£0.21¢ —6.16 1.71 £ 0.01 7.84
Zn cyclen 1:1 Na[H,PO,] 1.60 £0.09c —-5.74 —3.254+0.08 2.49
Zncyclen 1:1 K[H,PO,] 1.52£0.19° =570 —3.89+0.24 1.81
Zn cyclen 1:1 Li[H,PO,] 1.34 £0.29¢ —-5.13 —3.56 £ 0.05 1.57

“ Binding stoichiometry was also confirmed by '"H NMR titration experiments. ® Calculated from AG°® = AH® — TAS®. ¢ Units: mol~' dm?. ¢ Units:

mol—? dm®
ol & O/\o
Boc (o} Boc Boc ]
] H T Cbz | o
NN HO)JVN\CbZ NN NH 10% Pd/C NN g 4 Lo
Boc—N  HN —_— Boc—N N{ Boc—N N—(
K/N DCC, DMAP K/'}l\) o} 1,4-cyclohexadiene k/l?l\) ¢} DGC, DMAP
Boc CH2Cly Boc EtOH Boc CH,Cly
1 78% 5 97 % 3 85 %
Boc o r\o/\ o f\oﬂ H o f\o/}
|
NN ° ° TRACHC, (N ) N ° oL znaoth, ¢ N/} N ° o
Boc—N N H j _ > NH N—<_H j - 5 HN.Zr:,_‘LN H j
N © o o 76% (RS © o 0 MeOH Lh ) o o 0
Boc K/OJ K/O\) 98 % B K/o\)
5. 7.
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Scheme 1 Synthetic procedure for the synthesis of ZnL-(OTf),.

system but offer an important insight into the mechanisms of
binding and the thermodynamic origins of cooperativity.

Having calculated both the individual and combined ther-
modynamic contributions, it was possible to determine the
three AG®g values for the different metal phosphate salts. In
the case of Na[H,PO,], AG°s was calculated to be +0.83 kcal
mol~'. For K[H,PO,] the AG°s value was +0.72 kcal mol™!
and Li[H,PO,] was found to be +1.03 kcal mol™'. In the
three examples shown, cooperative binding of the ion pair
was found to be positive. This is the first example in which
a model system has exhibited ion pair positive cooperativity.
The nature of the binding and cooperativity is assigned almost
entirely to the entropy contribution. The favourable entropy is
associated with desolvation of both the phosphate guest and the
crown ether cavity. All three-phosphate species have significant
entropy contributions, the largest belonging to Li[H,PO,]. This
was attributed, principally with the desolvation of the crown
ether cavity and also the dispersion of the highly organized
water sphere around the Li* metal.’! In terms of enthalpy,
the interactions are endothermic and slightly unfavourable.
Theoretically, the size of the crown ether favours the chelation
of potassium. The higher, more disfavoured, endothermic values
for the binding of the sodium and lithium phosphate were
associated with the poor complementarity of the cation with
the crown ether. The experimental results confirm that the
K[H,PO,] species is more tightly bound, exhibiting higher bind-
ing constants and the lowest unfavourable AH® of +0.29 kcal
mol~.

In conclusion it can be seen that positive cooperativity can
be achieved in model systems through a combination of good
complementarity between host-guest and efficient desolvation
effects. In the ZnL-(OTf), ligand system, positive cooperativity
was driven almost entirely by entropy. Despite the unfavourable
AH?® contributions, highly efficient solvent expulsion due to the
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ligand—ion pair interactions seems sufficient to facilitate positive
cooperativity. These experiments reiterate the findings of other
workers,® that shows that in an aqueous environment it is often
the solvent effects which determine the nature of the binding.
The design of a receptor which complements the ion pair, is not
sufficient to guarantee high affinity between host and guests.
Exploitation of solvent spheres through their disruption holds
the key to highly efficient artificial hosts in water environments.*?
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It is fifty years since the first chemical synthesis of a dinu-
cleoside phosphate and a dinucleotide with natural 3'—5'-
internucleotide linkages was reported. The main develop-
ments in the methodology of oligo- and poly-nucleotide
synthesis that have taken place since are described.

Introduction

A one-day symposium was held in Cambridge on 25" April
2003 to celebrate, precisely to the day, the fiftieth anniversary of
the publication® in Nature of J. D. Watson and F. H. C. Crick’s
historic article on the structure of DNA. This, of course, was one
of the most important scientific publications of the twentieth
century. In the old Pembroke Street University Chemical
Laboratory, which was virtually within striking distance of the
old Cavendish Physics Laboratory, where Watson and Crick
assembled their model of DNA, A. R. Todd and his co-
workers had, for almost a decade, been carrying out funda-
mental research on the chemistry of nucleosides, nucleotides
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and nucleic acids. One of Todd’s main aims, which may have
developed from his interest in the chemistry of the B group
of vitamins, was the synthesis of the nucleotide coenzymes,
and this work was highlighted in the citation when he re-
ceived the Nobel Prize for Chemistry in 1957. However, the
scope of the nucleotide research in Todd’s laboratory was
very broad indeed and much fundamental research on nucle-
oside chemistry and chemical phosphorylation was carried out
n 1t.

The publication® from Todd’s laboratory in the early 1950s
that was most relevant to the structure of DNA, and therefore to
the Watson—Crick model, related mainly to the conclusion that
the alkaline hydrolysis products of RNA (i.e. a pair of isomeric
mononucleotides derived from each of the four nucleoside com-
ponents) could be rationalised in terms of RNA having solely
3'—5'- or 2'— 5'-internucleotide linkages. It had been shown?
that DNA underwent digestion in the presence of a phospho-
diesterase to give a mixture of all four 2’-deoxyribonucleoside
5'-phosphates and, of course, in the case of DNA only 3'—5'-
internucleotide linkages are then possible. It thus became of
particular interest to undertake the synthesis of short DNA
sequences with natural 3'— 5'-internucleotide linkages. This
goal was first achieved* in 1955 when Todd, in collaboration
with A. M. Michelson, reported the synthesis of the dinucleo-
side phosphate, thymidylyl-(3'—5')-thymidine [d(TpT)] 1 and
the corresponding dinucleotide, 5-O-phosphorylthymidylyl-
(3= 5)-thymidine[d(pTpT)] 2. A. M. Michelson was, at that
time, a senior research worker who had contributed to a
number of Todd’s important nucleotide and nucleoside projects
including the chemical synthesis of adenosine 5'-triphosphate
(ATP).’ Michelson left Cambridge in the late 1950s; he first
took a post in the research laboratories of Arthur Guinness
Ltd. in Dublin and then moved to I'Institut de Biologie
Physico-Chimique in Paris. In 1963, he published a substantial
monograph® on nucleoside and nucleotide chemistry. It is
particularly important to emphasize Michelson’s contribution
to this field as this Perspective is being written in connection
with a one-day symposium that is being held in Cambridge
on 9" December 2005 to celebrate the fiftieth anniversary of
Michelson and Todd’s report* in the Jouwrnal of the Chemical
Society of the first synthesis of an oligonucleotide with a natural
3'— 5'-internucleotide linkage.
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The Michelson and Todd synthesis* of d(TpT) 1 is indicated
in outline in Scheme 1. The synthesis of the dinucleotide
[d(pTpT)] 2 was very similar except that 5-O-acetylthymidine
3 was replaced by the dibenzyl ester 7 of thymidine 5'-
phosphate, and an additional catalytic hydrogenolysis step was
required. The synthetic methodology adopted was based on
that used previously in Todd’s laboratory in the preparation
of mononucleotides and certain nucleotide coenzymes. Thus, in
the preparation of d(TpT) 1, 3'-O-acetylthymidine 5 was phos-
phorylated with the phosphorochloridate 4, and the phosphate
function was protected with a benzyl group. The structures of the
synthetic d(TpT) 1 and d(pTpT) 2 were confirmed* by enzymatic
digestion. There appeared to be no strategy for extending
the oligonucleotide chain and, in any case, benzyl-protected
internucleotide linkages (as in 6) readily undergo debenzylation,
for example, in pyridine solution. It was probably taken for
granted that internucleotide linkages should be protected during
synthesis and it is now clear that this is indeed desirable. This
approach to oligonucleotide synthesis later became known as
the phosphotriester approach.

The phosphodiester approach

Rather surprisingly, no further work on the phosphotriester
approach was carried out in the Cambridge laboratory for
more than a decade. There are perhaps several reasons for
this. Michelson soon left Cambridge and, as Todd makes clear
in his autobiography,” he was not particularly attracted by
the apparently repetitive nature of oligonucleotide synthesis.
However, probably the most important reason was that the
whole field of oligonucleotide synthesis became dominated,
perhaps for a period of 15 years or more, by a completely
different approach that was introduced® by H. G. Khorana and
his co-workers. In this approach, which later became known as
the phosphodiester approach, the internucleotide linkages were
left completely unprotected throughout the assembly of the
oligonucleotide sequence.
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The first published examples of the phosphodiester
approach®® are illustrated in Scheme 2: 5'-O-tritylthymidine 8
and 3'-O-acetylthymidine 5'-phosphate 9 were allowed to react
together in the presence of toluene-4-sulfonyl chloride (TsCl) or
N',N*-dicyclohexylcarbodiimide (DCC) 10 in pyridine solution.
Following the removal of the trityl and acetyl protecting groups,
d(TpT) 1 was obtained. The coupling reactions always in-
volved phosphomonoesters and internucleotide phosphodiester
functions were left unprotected even during block coupling
reactions. However, Khorana and his co-workers® gave much
consideration to the protection of the base residues and the
hydroxy functions that were not involved in the coupling
reactions. Adenine and cytosine residues were generally pro-
tected as their 6-N-benzoyl and 4-N-(p-anisoyl) derivatives (as
in 12 and 13a, respectively), guanine residues were protected
as their 2-N-isobutyryl derivatives (as in 14) and, as in the
Michelson and Todd synthesis* of d(TpT), thymine residues
were left unprotected. A very important innovation was the
use’ of the (p-anisyl)diphenylmethyl (MMTr, 15a) and the
di-(p-anisyl)phenylmethyl (DMTr, 15b) protecting groups for
the 5-hydroxy functions of nucleosides and oligonucleotide
blocks. The MMTr and DMTr protecting groups are ca. 10 and
100 times, respectively, more labile to acid-promoted cleavage
than the parent trityl group, and their removal leads to much
less cleavage of the glycosidic linkages, especially of purine 2'-
deoxyribonucleosides. Nowadays the more labile DMTr group
15b is used almost exclusively to protect the 5'-hydroxy functions
in oligo- and poly-nucleotide synthesis. Initially, DCC 10 was
the preferred coupling agent, but it was soon replaced" by
mesitylene-2- and 2.4,6-triisopropylbenzene-sulfonyl chlorides
(MS-CI 16a and TPS-CI 16b, respectively).

The phosphodiester approach was adapted both to the
stepwise and block synthesis?> of moderately high molecular
weight oligodeoxyribonucleotides. Reasonably good (ca. 50—
70%) yields were obtained in (1 + 2 — 3) and other stepwise
coupling reactions if a large excess of monomer was used. Yields
were generally lower in block coupling reactions.!?” The presence
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of guanine residues (protected on N-2 as in 14), also appeared'*
to lead to lower yields. Although it became evident that the ac-
cumulation of charged phosphodiester internucleotide linkages
led to side-reactions and thereby to diminished yields, Khorana
did not believe that an overall advantage would be gained by
protecting the internucleotide linkages. Indeed, in a lecture,
presented® in London in 1968, he expressed the view that, unless
coupling yields were virtually quantitative, adopting the phos-
photriester approach would actually mean throwing away what
he considered to be the most important property that anyone had
hitherto exploited in the separation of polynucleotides, namely
their polyelectrolyte character. Fortunately, this misgiving has
proved to be unwarranted. In the phosphotriester approach
(see below), purification may be effected at the triester level by
standard chromatographic techniques, such as chromatography
on silica gel and then, following the unblocking of the internu-
cleotide linkages, again if necessary, at the diester level thereby
taking advantage of the polyelectrolyte properties alluded to
by Khorana. Indeed, it later became clear that nothing is
thrown away but much is gained by adopting the phosphotriester
approach.

Due to side-reactions, the relatively modest yields obtained
and the purification difficulties encountered, the phosphodiester
approach was more or less abandoned in the 1970s. However,
what is indisputable is the importance of the fundamental
problems in biology that were solved by means of oligodeoxyri-
bonucleotides that had been synthesized by the phosphodiester
approach. Khorana and his co-workers’® made an enormous
contribution to the elucidation of the genetic code by making
use of chemically-synthesized oligodeoxyribonucleotides con-
taining repeating dimer, trimer and tetramer sequences. After
the completion of this work, Khorana’s group carried out
the total synthesis™* of DNA duplexes corresponding to yeast
alanine transfer RNA and the precursor of tyrosine suppres-
sor transfer RNA by joining together chemically-synthesized
oligodeoxyribonucleotide sequences enzymatically. These stud-
ies provided the basis for many of the fundamental developments
in molecular biology and biotechnology that have since taken
place.

The phosphotriester approach

In the second half of the 1960s, the phosphotriester approach to
oligodeoxyribonucleotide synthesis was reinvestigated in several
laboratories. At first, Letsinger and Mahadevan'* carried out a
phosphotriester synthesis on a solid support (see below), using
the 2-cyanoethyl group to protect the internucleotide linkages.
Letsinger then switched™” to solution phase synthesis and
continued to use the 2-cyanoethyl group. At about the same
time, Eckstein and Rizk'® used the 2,2,2-trichloroethyl group to
protect the internucleotide linkages and, soon afterwards, Reese
and Saffhill7 reported the use of the phenyl protecting group.
The dinucleoside phosphate d(TpT) 1 was synthesized in all

16 a; R = Me (MS-Cl)
b; R = Me,CH (TPS-Cl)

three laboratories. However, Letsinger and his co-workers'* and

Eckstein and Rizk'® went on to prepare longer sequences, de-
rived from thymidine and other 2’-deoxyribonucleoside building
blocks, both by stepwise and block coupling reactions. In the first
phosphorylation step, Letsinger and his co-workers® allowed
the component 17 (Scheme 3a) with a free 3'-hydroxy function
to react with 2-cyanoethyl phosphate (18; R = CH,CH,CN)
in the presence of MS-CI 16a and then coupled the product
19 (R = CH,CH,CN) with the component 20 with a free 5'-
hydroxy function in the presence of TPS-Cl 16b. This was
followed by an ammonolysis step to remove the 2-cyanoethyl
protecting group or groups. Eckstein and Rizk' first adopted
virtually the same procedure (Scheme 3a) except that 2,2,2-
trichloroethyl phosphate (18; R = CH,CCl;) was used as the
phosphate source. The 2,2,2-trichloroethyl protecting group or
groups were then removed from the fully-protected product
(21; R = CH,CCl;) by treatment with zinc dust in acetic acid.
Eckstein and Rizk subsequently used,'* 2,2,2-trichloroethyl
phosphorodichloridate (23; R = CH,CCl;) as the phosphate
source. The 5'-protected component 17 (Scheme 3b) was allowed
to react with a slight excess of the phosphorodichloridate
(23; R = CH,CCl;) and the intermediate phosphorochloridate
(24, R = CH,CCl;) was then coupled with the 5-hydroxy
component 20 to give the same fully-protected product (21;
R = CH,CCl,;). Reese and Saffhill'” used essentially the same
strategy (Scheme 3b) except that phenyl phosphorodichloridate
(23; R = Ph) was used as the phosphate source. The phenyl
protecting group was removed from the fully-protected product
(21; R = Ph) by treatment with 0.1 M sodium hydroxide in
aqueous dioxane.

The significance of the 1960s phosphotriester studies lay more
in the choice of the protecting group for the internucleotide link-
ages than in the synthetic strategies adopted. Of the three groups
suggested for the protection of the internucleotide linkages, only
the 2-cyanoethyl group (as in 21; R = CH,CH,CN) proved to be
too labile for use in solution phase oligonucleotide synthesis,
but it later became the protecting group of choice in solid
phase synthesis (see below). The 2,2,2-trichloroethyl protecting
group was subsequently used’®" by other workers. However,
yields of material with deprotected internucleotide linkages
were later found™ to be unsatisfactory. Finally, although the
phenyl protecting group'” (as in 21; R = Ph) gave rise to stable
phosphotriester intermediates that could readily be manipulated
and purified, its use and that of substituted aryl protecting
groups led to a problem that took a number of years to solve
in a fully satisfactory way (see below). While removal of 2-
cyanoethyl and 2,2,2-trichloroethyl protecting groups involve
O-alkyl cleavage, alkaline hydrolysis of phenyl- and other aryl-
protected phosphodiesters 25 proceeds by direct attack of
hydroxide ions on phosphorus with resulting O-phosphoryl
cleavage. Although phenol is a much stronger acid (by ca.
5 pK, units) than the 3'- or 5-hydroxy function of a 2-
deoxynucleoside derivative, the action of hydroxide ions on a
phenyl dialkyl phosphate 25a (e.g. 21; R = Ph) leads (Scheme 4)
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not only to the desired corresponding dialkyl phosphate 26 (e.g.
22), but unfortunately also to significant quantities® of the two
possible alkyl phenyl phosphates 27a and 28a.

A particular advantage of aryl protecting groups is that their
properties can easily be modified by substitution. It was soon
found that the deblocking rate could be increased and the extent
of internucleotide cleavage decreased by the introduction® of
electron-withdrawing substituents such as ortho-fluoro, ortho-
or para-chloro. A decrease in the pK, of the phenol (ArOH)
from which the aryl protecting group (Ar) is derived was found
to increase the selectivity of the hydrolysis process indicated in
Scheme 4 and lead to a greater proportion of the desired dialkyl
phosphate 26. An alternative approach to the solution of this
problem was to use a nucleophile other than hydroxide ion to
deblock the internucleotide linkages. It seemed that it would be
particularly advantageous if the use of such a nucleophile were
to involve only one substitution reaction at phosphorus. For this
to be possible, the nucleophile would need to have the general
structure XO~. A further requirement would be that the initial
attack on phosphorus to give intermediate 29 (Scheme 5, step
1) should be followed by cleavage of the O-X bond (step ii). Of
course, HO™ meets both of these requirements, but it seemed
likely that the alternative nucleophile would need to be ‘softer’
and certainly more selective than HO™.

R'ON 0 R1O\P//O i R'O~ O
R0 SOAr X0~ R207 “oix R20” P\o_
25 29 26
Scheme 5
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In a preliminary study,?* the conjugate bases of E-pyridine-2-
carboxaldoxime 30 (pK, 10.05) and E-4-nitrobenzaldoxime 31
(pK, 9.95) were both found to be very selective nucleophiles for
deblocking (2-chlorophenyl)-protected internucleotide linkages.
In a subsequent mechanistic study,”?® 2-chlorophenyl diethyl
phosphate 33 was chosen as the substrate as it seemed to be a
good model for a (2-chlorophenyl)-protected internucleotide
linkage. When this model compound 33 was allowed to react
with large excesses each of FE-4-nitrobenzaldoxime 31 and
N'.N',N3,N3-tetramethylguanidine (TMG) in dioxane-water
(1 : 1 v/v), the presumed intermediate oxime ester 34, which
had been prepared independently, could not be detected in the
products (Scheme 6). However, diethyl phosphate 36 was ob-
tained and 4-nitrobenzonitrile 35 was isolated in good yield. In
a separate experiment, the reaction between the oxime ester 34,
4-nitrobenzaldoxime 31 and triethylamine in dichloromethane
solution was found®” to be between 2 and 3 orders of magnitude
faster than the corresponding reaction with 2-chlorophenyl
diethyl phosphate 33 under the same conditions. In a later more
comprehensive study,? it was found that deblocking of the aryl-
protected internucleotide linkage proceeded more rapidly when
the conjugate base of either pyridine-2-carboxaldoxime 30 or
2-nitrobenzaldoxime 32 (pK, 10.28) was used rather than that of
4-nitrobenzaldoxime 31. Experiments with three fully-protected
dinucleoside phosphates 37a—c¢ showed® that, as expected,
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the rate of the deblocking reactions could be controlled
by substitution of the aryl protecting group. Thus, with the
conjugate base of 4-nitrobenzaldoxime 31, the (2-chlorophenyl)-
protected dimer 37a was deblocked ca. 2.5 times more rapidly
than the (4-chlorophenyl)-protected dimer 37b and ca. 25 times
more rapidly than the phenyl-protected dimer 37¢. No detectable
(i.e. <0.1%) internucleotide cleavage could be detected when
the (2-chlorophenyl)-protected dimer 37a was deblocked with
the conjugate base of 2-nitrobenzaldoxime 32. This reaction
was complete after 30 min at 20 °C. Following this study,
2-chlorophenyl became established as the protecting group
of choice in the phosphotriester approach to oligonucleotide
synthesis, and 2-nitrobenzaldoxime 32 and pyridine-2-
carboxaldoxime 30 became the deblocking reagents of choice.
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In the early and middle 1970s, there were a number of reports
of the block synthesis of oligodeoxyribonucleotides by the phos-
photriester approach in solution. Arentzen and Reese® carried
out the block synthesis of octathymidine heptaphosphate and
hexadecathymidine pentadecaphosphate. Catlin and Cramer'®
developed a synthetic strategy by which a number of di-, tri-
and tetra-nucleotides were prepared from fully-protected dinu-
cleotides of general structure 38a. When these building blocks
were treated with acid, the 5-hydroxy functions were released
and, under mild basic conditions, they were converted into the
corresponding 3'-phosphodiesters 39a. Possibly due to difficul-
ties encountered in the removal of 2,2,2-trichloroethyl protecting
groups, these studies were not developed further. Narang and
his co-workers?* followed an approach similar to that of Catlin
and Cramer except that the 4-chlorophenyl (as in 38b) was
used instead of the 2,2,2-trichloroethyl group; these workers
prepared some larger oligodeoxyribonucleotide sequences but
most of their studies were carried out before the introduction
of the oximate procedure for deblocking the internucleotide
linkages. Nevertheless, Itakura and his co-workers® followed
essentially this approach, using mainly protected tri- rather than
di-nucleotide building blocks and aqueous ammonia to deblock
the (4-chlorophenyl)-protected internucleotide linkages; these
workers thereby prepared a series of 29 oligodeoxyribonu-
cleotides, each of which contained between 10 and 15 nucleotide
residues. These chemically-synthesized oligonucleotides were
then successfully joined together by enzymatic ligation to form
two double helices containing 77 and 104 base pairs, respectively,
which corresponded to the genes for the A and B chains of
human insulin. In a landmark study* completed in the late
1970s, these two insulin genes were successfully expressed.
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Considerable progress was made in the 1970s in the develop-
ment of improved phosphorylation and coupling procedures.
Catlin and Cramer® used 2,2,2-trichloroethyl phosphorodi-
imidazolide 40 as a bifunctional phosphorylating agent in-
stead of the corresponding phosphorodichloridate 23; R =
CH,CCl;, and Narang and his co-workers* used 4-chlorophenyl
phosphorodi-(1,2,4-triazolide) 41a as a bifunctional phospho-
rylating agent in the preparation of building blocks such as
38b. Chattopadhyaya and Reese subsequently showed?” that,
if 2-chlorophenyl phosphorodi-(1,2,4-triazolide) 41b was used
in a two- to three-fold excess, it behaved effectively as a
monofunctional phosphorylating agent in the conversion of
protected nucleosides or oligonucleotides into the corresponding
3’-(2-chlorophenyl) phosphates (19; R = 2-CIC¢H,) (see below).
The reactions were relatively fast and, following an aqueous
triethylamine work-up, the products (19; R = 2-CIC4H,) could
be isolated as their pure triethylammonium salts in very high
yields.

0
n Il N
ClycCH0—P—N N AO—P—N )
1 \= Il \=N
D 0
N
/ /
W g
40 41 a; Ar = 4-CICgH,
b; Ar = 2-CICgHy4

In 1973, Berlin et al. reported® that arenesulfonyl derivatives
of imidazole (e.g. 1-(mesitylene-2-sulfonyl)imidazole 42 could
be used as a coupling agent in oligonucleotide synthesis instead
of the corresponding arenesulfonyl chlorides (e.g. MS-CI 16a).
The coupling rates observed with such imidazole derivatives
were much slower but no darkening of the reaction medium was
observed. Narang and his co-workers subsequently showed**
that arenesulfonyl derivatives of 1,2,4-1H-triazole (e.g. 1-
(mesitylene-2-sulfonyl)-1,2,4-1H-triazole 43) effected coupling
almost as rapidly as the corresponding arenesulfonyl chloride
16a but that higher yields were obtained. These workers then
showed®” that arenesulfonyl derivatives of 1H-tetrazole 44a—
¢, were both faster and more efficient coupling agents than
the corresponding arenesulfonyl chlorides. However, the 1-
arenesulfonyl-1H-tetrazoles 44a—c were reported®” to be rel-
atively unstable. Reese and his co-workers then reported®**
that 1-(mesitylene-2-sulfonyl)-3-nitro-1H-triazole (MSNT) 45
had similar properties (i.e. its use led to rapid, relatively
clean coupling reactions and high yields) to the corresponding
tetrazole derivative 44b, but that it was relatively stable. In the
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early 1980s, MSNT 45 became established as the coupling agent
of choice both in solution and in solid phase (see below) synthesis
by the phosphotriester approach.

Indeed, at the beginning of the 1980s, the most generally
adopted approach to oligonucleotide synthesis both in solution
and on a solid support (see below) involved the coupling
together, in the presence of MSNT 45, of a protected nucleoside
or oligonucleotide 3'-(2-chlorophenyl) phosphate 46 and a
protected nucleoside or oligonucleotide with a free 5'-hydroxy
function 47. When the coupling process was complete, the
internucleotide linkages were deblocked by oximate treatment.
This protocol is summarized in Scheme 7(a). van Boom and
his co-workers®! then recommended the use of a bifunctional
phosphorylating agent 51, which was prepared by treating 2-
chlorophenyl phosphorodichloridate 23; R = 2-CIC¢H, (1 mol
equiv.) with 1-hydroxybenzotriazole (2 mol equiv.) and pyridine
in THF or dioxane. The protected nucleoside or oligonucleotide
50 with a free 3'-hydroxy function was treated (Scheme 7(b)) with
a small (10-15%) excess of reagent 51 and, after an appropriate
interval of time, the protected nucleoside or oligonucleotide 47
with a free 5'-hydroxy function and 1-methylimidazole 53 were
added. Fully-protected dinucleoside phosphates were obtained
in 50-77% yields and satisfactory yields were also obtained
in block coupling reactions. The fully-protected products 48
were again deblocked by the oximate procedure, as indicated in

"

O\ /O
ArQ” O EthH

(a)

")

Scheme 7(a) (step ii). Clearly, one advantage of the hydroxyben-
zotriazole phosphotriester approach is that a coupling agent,
such as MSNT 45, is not required. However, the potential
disadvantages of using a bifunctional phosphorylating agent
are (a) that it is possible to obtain both symmetrical 5—5'- and
3'— 3'-linked products and (b) that traces of moisture can lead
to diminished yields. Nevertheless, the hydroxybenzotriazole
phosphotriester approach has been used successfully, especially
in solid phase oligodeoxyribonucleotide synthesis (see below).

A number of other modifications to the phosphotriester
approach were reported in the 1980s and 1990s. These mod-
ifications mainly involved varying the coupling agent and the
nucleophilic catalyst. Thus, in the coupling step (Scheme 7(a),
step 1), it was found*? that a mixture of MS-Cl 16a and 3-nitro-
1,2,4-1H-triazole (NT) 54 was as effective as MSNT 45 and that
I-methylimidazole 53 appeared*? to be as efficient a nucleophilic
catalyst as NT 54. Furthermore, a mixture of TPS-C1 16b and 1-
hydroxy-4,6-dinitrobenzotriazole®*** 55 was found to constitute
a fast and high-yielding coupling agent.

N N N,
{3 ¢ N (j[ N
Me H O5N N

OH
53 54 55

The phosphite triester and phosphoramidite
approaches

In 1976, Letsinger and Lunsford reported®® a very important
development in phosphorylation methodology. These workers
found that P(111) were considerably more reactive than the
corresponding P(v) acylating agents. Thus, 2-chlorophenyl
phosphorodichloridite 57a reacted very rapidly with the 5'-
protected thymidine derivative 56 at —78 °C. The putative

6 i O30 i Ox
— > A0” — > .00 oy . ®
o W{_v fu
o
L} )
0 49
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{b)
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HO / N —nnan— o B
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Os - OAr + _ N . A0 O o B
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Ar = 2-chloropheny!

H U
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48
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Scheme 7 Reagents and conditions: i, MSNT 45, CsH;sN; ii, 30 or 32, TMG, dioxane (H,0) and/or MeCN, followed by other appropriate unblocking

steps; iii, dioxane; iv, 1-methylimidazole, dioxane, pyridine.
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Scheme 8 Reagents and conditions: i, 2,6-lutidine, THF, —78 °C; ii, 2,6-lutidine, I,, THF, H,O.

intermediate phosphorochloridite 58a obtained (Scheme 8) was
then allowed to react with the 3'-protected thymidine derivative
59 to give a fully-protected dinucleoside phosphite. The latter
product was not isolated but was treated in situ with iodine
and water to give the corresponding fully-protected dinucleoside
phosphate 60a. This may be regarded as a modification of
the phosphotriester approach in which a phosphite triester is
obtained first and is then immediately oxidized to the corre-
sponding phosphotriester. The use of a very reactive bifunctional
phosphorodichloridite 57 inevitably leads to a mixture of the
desired product with a 3'— 5-internucleotide linkage and the
two possible symmetrical products with 3'—>3'- and 5—5'-
internucleotide linkages. Nevertheless, Letsinger and Lunsford*
were able to carry out a stepwise synthesis of the tetranucleoside
triphosphate d(TpTpTpT), based on 2,2,2-trichloroethyl phos-
phorodichloridite 57b as the phosphitylating agent.

In 1981, the full importance of the P(u1) approach to
oligonucleotide synthesis became clear with the introduction of
monofunctional nucleoside phosphoramidites 66 by Beaucage
and Caruthers.** Following an observation® by Nifant’ev et al.
in 1966 that amine hydrochlorides catalyze the alcoholysis of
amides of phosphorous acid (e.g. (Me,N);P), Evdakov et al
reported®® in 1973 that dibutyl N,N-diethylphosphoramidite
61 reacted instantly with trifluoroacetic (or acetic) acid at
30 °C to give (Scheme 9) dibutyl trifluoroacetyl (or acetyl)
phosphite 62. In the presence of an alcohol (e.g. butanol),
the intermediate acyl phosphite 62 was converted®® into a
trialkyl phosphite (e.g. tributyl phosphite 63). In their orig-
inal study, Beaucage and Caruthers* treated 5-O-DMTr-
thymidine 64 (B = thymin-1-yl) and the 5-O-DMTr-N-acyl
derivatives of the other main 2'-deoxyribonucleosides with
chloro(dimethylamino)-methoxyphosphine 65; R! = R* = Me
to give (Scheme 10) the corresponding nucleoside phospho-
ramidites 66; R' = R*> = Me. The products were isolated
as colourless powders in high (90% or greater) yield. The
acid-catalyzed reactions (Scheme 10) between these phospho-
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ramidites 66; R' = R?> = Me, 1H-tetrazole (the acid cata-
lyst) and 3'-O-levulinoylthymidine 67 in acetonitrile-d; were
followed by P NMR spectroscopy, which revealed fast re-
actions and very high yields of fully-protected dinucleoside
phosphites 68. These products were uncontaminated with the
symmetrical dimers that were formed®® when alkyl or aryl
phosphorodichloridites 57 (Scheme 8) were used as the phos-
phitylating agents. Tt was also reported® that the protected
nucleoside phosphoramidites 66; R' = R? = Me could be
used successfully in the solid phase synthesis of dinucleoside
phosphates. These nucleoside N,N-dimethylphosphoramidites
66; R* = Me proved to be unstable in solution. Adams
et al¥ and McBride and Caruthers®® later showed that N, N-di-
isopropylphosphoramidites 66; R> = Me,CH were considerably
more stable than N,N-dimethylphosphoramidites 66; R* = Me.
In another important study, Koster and his co-workers* indi-
cated that 2-cyanoethyl phosphoramidites 66; R' = CH,CH,CN
were to be preferred to the corresponding methyl esters 66; R'
= Me. 2-Cyanoethyl N,N-di-isopropylphosphoramidites 66; R'
= CH,CH,CN, R? = Me,CH have since been used virtually ex-
clusively in phosphoramidite-based solid phase oligonucleotide
synthesis (see below), which has proved to be a process of
enormous practical importance.

The H-phosphonate approach

Like the phosphotriester approach, the H-phosphonate ap-
proach to oligonucleotide synthesis was first reported® from
Todd’s Cambridge laboratory in the 1950s. When 2',3'-O-
isopropylideneadenosine 69 and 2',3'-O-isopropylideneuridine
5'-H-phosphonate 70 were allowed to react together in the
presence of diphenyl phosphorochloridate (Scheme 11), the
protected dinucleoside H-phosphonate 71 was obtained.
Following chlorination with N-chlorosuccinimide, hydrolysis
of the putative intermediate phosphorochloridate and removal
of the isopropylidene protecting groups, the 5'— 5'-dinucleoside
phosphate 72 was obtained,* albeit in modest yield. However,
the true potential of the H-phosphonate approach was not real-
ized for almost 30 years. In 1985, Garegg, Stawinski and their co-
workers** confirmed the Cambridge laboratory’s observation
that diphenyl phosphorochloridate was an effective coupling

(DMTR)O B

ii 1
i, RO—=PC]

Thy = thymin-1-yl

Scheme 10  Reagents and conditions: i, 65, Pr',NEt, CHCI;, room temp.; ii, 1 H-tetrazole, CH;CN.
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70

Ade = adenin-9-yl ;

Ura = uracil-1-yl

Scheme 11  Reagents and conditions: i, (PhO),P(O)CI, 2,6-lutidine, MeCN; ii, a, N-chlorosuccinimide, 2,6-lutidine, MeCN, b, NaHSO;, H,O; iii,

HCI, H,O.

agent. The real significance of the H-phosphonate approach
only became apparent in 1986 when Froehler and Matteucci*
and Garegg et al.*" applied it to solid phase oligonucleotide
synthesis. Froehler and Matteucci recommended that pivaloyl
chloride should be used as the coupling agent. Coupling reac-
tions were then very fast and it was found*** that really high
molecular weight oligodeoxyribonucleotides could be prepared
by solid phase H-phosphonate synthesis (see below). The H-
phosphonate diesters were oxidized to the corresponding
phosphodiesters by treatment with iodine in the presence of
aqueous base.

Protected 2'-deoxyribonucleoside 3'-H-phosphonates 73, the
building blocks required for the H-phosphonate approach to
oligodeoxyribonucleotide synthesis, may readily be prepared**
(Scheme 12) by treating the appropriate nucleoside derivatives
64 with the products of the reaction between phosphorus
trichloride, 1,2,4-1H-triazole (3 mol equiv.) and triethylamine
(3 mol equiv.), followed by a hydrolytic work up. These
monomeric H-phosphonate building blocks 73 are very easy to
prepare and then isolate as pure stable solids. Other convenient
and efficient methods for the preparation of H-phosphonate
building blocks 73 include the use of (a) 2-chloro-4H-1,3,2-
benzodioxaphosphorin-4-one* 74, (b) diphenyl phosphite* 75
and (c) triethylammonium p-tolyl phosphite 76 in the presence
of pivaloyl chloride.*

(DMTr)O B
1 :o: ] i, i
———

HO
64

DMTNO
(DMTY) o B

Ox O .

H™ ~O- Et;NH
73

Scheme 12 Reagents and conditions: i, products obtained from the

reaction between PCl;, 1,2,4-1H-triazole and Et;N, CH,Cl,; ii, aqueous
triethylammonium bicarbonate.

The modified H-phosphonate approach

Unlike the phosphotriester approach, which has been used
successfully both in solution and in solid phase synthesis,
the H-phosphonate approach in its original form is suit-
able only for solid phase synthesis. The reason for this is
that H-phosphonate diesters are very susceptible to base-
catalyzed hydrolysis* and are therefore difficult to manipu-
late. However, van Boom and his co-workers*’ reported that
the protected dithymidine H-phosphonate 77 reacted rapidly
with N-(phenylsulfanyl)succinimide 78 in the presence of base
(Scheme 13) to give the corresponding much more robust S-
phenyl phosphorothioate triester 79. Previously, Hata and his
co-workers* had developed a modification of the phospho-
triester approach in which aryl (e.g. 2-chlorophenyl)-protected
phosphotriester linkages (as in 37a) were replaced by S-phenyl
phosphorothioate triester linkages (as in 79).

It therefore seemed that if H-phosphonate coupling and the
subsequent reaction with an arylsulfanylimide (such as 78) both
proceeded in virtually quantitative yield and if the sulfur-transfer
step could be carried out in situ (i.e. without the isolation
of the relatively sensitive H-phosphonate diester (e.g. 77)), a
new and potentially very efficient approach to the synthesis of
oligonucleotides would be feasible. Fortunately, both reactions
proved®*® to be rapid and virtually quantitative. This modified
H-phosphonate approach is exemplified (Scheme 14) by the
preparation of d(ApC). The H-phosphonate building block 73;
B = 12 and the 3'-O-levulinoylnucleoside derivative 80; B’ =
13b were first allowed to react together in the presence of bis(2-
chlorophenyl) phosphorochloridate 82 at —40 °C. After 10 min,
the products were allowed to warm up to room temperature.
After a further period of 15 min, the sulfur-transfer reagent 83
was added and the reaction mixture was quenched with water.
The 5-O-DMTr protecting group was then removed and the
partially-protected dinucleoside phosphorothioate 81; B = 12,
B’ = 13b was isolated*** in 98% yield. This material may then
be coupled with another H-phosphonate monomer 73 to give a

O.__.Cl o K .
4 (PhO),P(O)H H30—©—O—;§‘—H fu.l.l.y-protected trimer. Th1§ three ste.p process (Sch.eme 14, steps
0 O EtgNH i-iii) may be repeated until the desired sequence is assembled.
0 75 76 Alternatively, block coupling reactions may be carried out. The
74 partially-protected dimer 81; B = 12, B = 13b was deblocked
DMTr)O. Th Th
(DMTr) o y (DMTn)O o y
Ox, 0 i Ox_ 0
P. + —— ~
HON o Thy 04/\_,:‘>§o 9% Phs” O o Thy
SPh
78
AcO 77 AcO 719

Thy = thymin-1-yl

Scheme 13 Reagents and conditions: i, Pr',NEt, CH,Cl,, room temp., 5 min.
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Scheme 14  Reagents and conditions: i, 82, CsH;N, CH,Cl,, —40 °C, 10 min; ii, a, 83, CsH;N, CH,Cl,, —40 °C, 15 min, b, C;H;N-H,O (1 : 1 v/v),
—40 °C to room temp.; iii, HCI, dioxane, CH,Cl,, —50 °C, 5 min; iv, Ac,0, CsH;N, room temp., 15 h; v, 32, TMG, MeCN, room temp., 12 h; vi,

conc. aq. NH; (d 0.88), 50 °C, 15 h.

(Scheme 14, steps iv—vi) to give d(ApC) 22; B = adenine-9-yl,
B’ = cytosine-1-yl. It was unnecessary to carry out any further
purification of the fully-deblocked dinucleoside phosphate. The
synthetic protocol indicated in Scheme 14 has recently been
simplified in that coupling reactions have been carried out at
room temperature and the coupling and sulfur-transfer reagents
have been added simultaneously.**

Base protecting groups and side-reactions in
oligonucleotide synthesis

As indicated above, in the course of their work on the synthesis
of oligonucleotides by the phosphodiester approach, Khorana
and his co-workers®’ protected adenine, cytosine and guanine
residues as their N-acyl derivatives (as in 12-14, respectively).
Thymine residues (and also uracil residues in oligoribonu-
cleotide synthesis) were left unprotected. It seemed clear from
this early work that yields were poorer when guanine residues
were present but the reason for this was unknown at the time.
This base protection strategy remained virtually unchanged for
about 20 years and was revised only after the side-reactions that
accompany oligoribonucleotide synthesis by the phosphotriester
approach had been elucidated.®
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The fact that 2-N-acylguanine and indeed free guanine
residues in guanosine derivatives can undergo acylation on O-6
was first reported™ in 1977. Thus, for example, 2-N-benzoyl-
2',3',5-tri-O-benzoylguanosine 84a was found to react with
methanesulfonyl chloride in the presence of triethylamine to
give® its 6-O-mesyl derivative 85. When 2-N-benzoyl-2',3’,5'-tri-
O-acetylguanosine 84b was treated with MSNT 45 in pyridine

solution, compound 86a was obtained. The reaction was rela-
tively slow but was found to be catalyzed by diphenyl phosphate.
This was a significant observation because an excess of the
phosphodiester component (e.g. 19; R = 2-CIC{H,, Scheme 3)
is generally used in the phosphotriester approach.””* When
2,3,5'-tri-O-acetyluridine 87 was treated with MSNT 45 in
pyridine solution, it underwent® a similar modification reaction
to give the 3-nitro-1,2,4-triazole derivative 88. This reaction was
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somewhat faster than that involving the guanosine derivative 84b
and it was also catalyzed by diphenyl phosphate. However, the
reaction between 3',5'-di-O-acetylthymidine 89 and MSNT 45 in
pyridine solution was very slow, both in the absence and presence
of diphenyl phosphate. These results suggested that, as far as the
phosphotriester approach is concerned, it would probably be
advisable to protect both the guanine and uracil residues (on O-
6 and O-4, respectively) in oligoribonucleotide synthesis and the
guanine residues on O-6 in oligodeoxyribonucleotide synthesis.

The occurrence of side-reactions was first observed during the
synthesis® of the 3'-terminal decaribonucleoside nonaphosphate
(10-mer) sequence of yeast tRNA*" (see below) by the phospho-
triester approach in solution with MSNT 45 as the coupling
reagent. With the help of model compounds, as indicated
above,” it was possible to show that the side-reactions led to
the 6- and 4-O-(3-nitrotriazolation) of the guanine and uracil
residues, respectively. Although these base modifications could
be reversed® by treatment with oximate ions in the course of
the deblocking of the internucleotide linkages, it seemed to
be preferable to attempt to prevent their occurrence by the
introduction of appropriate protecting groups.

a Protection of guanine residues

In the initial studies,*** which were carried out in the ribose
series, the guanine residues were protected on N-2 and O-6 by
(tert-butyl)phenylacetyl and 2-nitrophenyl groups, respectively,
asin 90; R = 4-Me;CC,H,CH,. In addition to the avoidance of
side-reactions, protection on O-6 made the intermediates more
lipophilic and consequently much easier to manipulate. Later
studies in the deoxy-series®* indicated that better yields were
obtained when guanine residues were also doubly protected (as
in 90; R = CH,Ph), but it was not clear that it was advantageous
to protect thymine residues on O-4. It was subsequently found
that, if guanine residues were protected on O-6 by the somewhat
more stable 3-chlorophenyl® and 3,5-dichlorophenyl*** groups
(as in 91a and 91b, respectively), deblocking (i.e. regeneration
of the 1,6-lactam functions) with 2-nitrobenzaldoxime 32 and
TMG still occurred quite rapidly in acetonitrile solution. More
recently, the 2,5-dichlorophenyl group (as in 93) has been used
successfully both in the deoxyribose,*”5 and ribose*** series.
Although the more easily removable (by ammonolysis) pheny-
lacetyl group® (as in 91) is to be preferred for the protection
of the 2-amino functions of guanine residues, the isobutyryl
group (as in 92) is still being used in the deoxyribose series. 5'-O-
DMTr-2-N-isobutyryl-2'-deoxyguanosine 92 is a commercially
available starting material that can easily be converted® in a
one-pot process into its 6-0-(2,5-dichlorophenyl) derivative 93
in very high yield.
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Two other groups have also been used successfully for the O-6
protection of guanine residues in solution phase phosphotriester
synthesis. Gaffney and Jones®* and Pfleiderer and his co-
workers** suggested the use of the 2-(4-nitrophenyl)ethyl group
(as in 94). This protecting group, which may be removed by
treatment with 1,8-diazabicyclo[5.4.0]lundec-7-ene (DBU), has
been used effectively® in the preparation of 2'-deoxyguanosine-
containing oligodeoxyribonucleotides. At almost the same time,
Hata and his co-workers’* introduced the use of the 6-O-
diphenylcarbamoyl protecting group (as in 95), which may be
removed by ammonolysis in the final deblocking step. There
have been several reports®* in the literature dealing with the
protection of guanine residues on O-6 in phosphoramidite-based
solid phase oligodeoxyribonucleotide synthesis (see below).
Apparently, modification of the guanine residues can be avoided
if 1-methylimidazole 53 is used®” as the base in the acetic
anhydride promoted capping step, and if capping is carried out
before the P(111) —P(v) oxidation step>“ in each synthetic cycle.

b Protection of uracil and thymine residues

Following the observation® that uracil residues were particularly
susceptible to modification in the phosphotriester approach to
oligoribonucleotide synthesis in solution with MSNT 45 as
the coupling agent, it was found that they could be effectively
protected on O-4 with the 2,4-dimethylphenyl group®* (as in 96).
Like 6-O-aryl protected guanine residues (e.g. as in 91a,b), O-4
protected uracil residues (as in 96) may be rapidly deblocked®*
with oximate ions under the conditions used to deblock (2-
chlorophenyl)-protected internucleotide linkages. As indicated
above, the combination of O-6 protected guanine residues and
0O-4 protected uracil residues led® to an improvement in the
synthesis of the 3'-terminal 10-mer sequence of yeast tRNAA®
and also made possible the synthesis of the 3'-terminal 19-mer®?
and 37-mer*® sequences (see below). Thymine residues may
conveniently be protected with the 4-O-phenyl group® (as in
97), which is both easy to introduce and then remove by oximate
treatment. However, it is by no means clear that it is bene-
ficial to protect thymine residues either in phosphotriester- or
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phosphoramidite-based oligonucleotide synthesis. Welch and
Chattopadhyaya®™ and Hata and his co-workers*” have shown
that uracil residues may conveniently be protected by acylation
on N-3 (eg as in 98a; R* = Ph or 4-MeOCH,). Thymine
residues may also be protected by acylation on N-3 (as in 98b;
R? = 4-MeOC¢H,).>*

Oligonucleotide synthesis on a solid support

It is not proposed to discuss solid phase oligonucleotide
synthesis in any detail in this Perspective as there are a number
of authoritative reviews already in the literature.®~ However,
its great practical importance is beyond any doubt. Indeed, in
the past 20 years or so, nearly all oligonucleotide synthesis has
been carried out on a solid support and this is clearly the most
rapid and efficient method of synthesizing the generally small
quantities of material required for biological research. Solid
phase synthesis has also been used successfully in the synthesis
of the multigram quantities of material required for clinical trials
of potential oligonucleotide drugs. Following Letsinger and
Mahadevan’s original report’* in 1965, it took almost 15 years
before the real potential of this approach became clear. Probably
the main reason for this was that no really satisfactory synthetic
procedure was available. By the late 1970s, the phosphotriester
approach (Scheme 7a) with aryl (particularly 2-chlorophenyl)
protecting groups for the internucleotide linkages and effective
coupling agents, such as MSNT 45, had become established.
This approach and the modification involving the use of the
bifunctional bis-(1-hydroxybenzotriazolide) reagent®* 51; Ar =
2-CIC4H, (Scheme 7b) were successfully applied to solid phase
oligonucleotide synthesis and, at the beginning of the 1980s, were
the methods of choice. The success of these methods depended
to a significant extent on oximate deblocking? of the internu-
cleotide linkages. Several reviews™** on solid phase synthesis by
the phosphotriester approach were subsequently published.
Solid phase synthesis generally involves the addition of one
nucleotide residue (e.g. 99a in the phosphotriester approach) at a
time to an immobilized protected nucleoside or oligonucleotide.
Controlled-pore glass®® and highly crosslinked polystyrene,®
which are both fairly robust materials, have emerged as the
solid supports of choice. Controlled-pore glass is usually func-
tionalized with a long-chain alkylamine and polystyrene with
an aminomethyl group. The 3'-terminal nucleoside residue is
commonly attached to these solid supports via a succinoyl group
(as in 100). No purification steps are carried out until the fully-
assembled sequence is released from the solid support. For at
least two reasons, it is of the utmost importance that the coupling
efficiency is very high indeed. First, the yield of the target se-
quence falls off very rapidly with decreasing coupling efficiency.
For example, in the synthesis of a 25-mer (involving 24 coupling
steps), the calculated overall yields are ca. 79, 48 and 29% when
the average coupling yields are 99, 97 and 95%, respectively. Even
more dramatically, in the synthesis of a 50-mer (involving 49

(DMTr)O- B

coupling steps), the calculated overall yield falls from 61 to 37%
when the average coupling yield falls from 99 to 98%. Secondly,
unless the coupling efficiency is very high, the separation of
the target sequence from truncated material becomes more
difficult. Although the final purification process is facilitated
by ‘capping’ truncated material after each coupling step and by
purifying the crude “‘undetritylated’ products by reversed phase
chromatography, it is clearly desirable that the overall yield of
untruncated material should be as great as possible.

Phosphotriester solid phase synthesis®** had largely been
superseded by phosphoramidite-based synthesis®* by the mid-
1980s. It is possible to achieve average coupling yields of 98%
or greater with phosphoramidite building blocks of general
structure 101 and with 1H-tetrazole 102 as the activating agent.
Furthermore, the coupling reaction is very rapid indeed and,
in the deoxy-series, it is usually complete within ca. 1 min.
Irreversible side-reactions can generally be avoided. Although
modifications to the phosphotriester approach have led both
to increased coupling rates and increased coupling yields, the
phosphoramidite approach has remained the method of choice.
While phosphotriester-based solid phase synthesis is likely to
be effective in the synthesis of 25-mers, it is very doubtful if,
as it stands, it could be used as successfully in the synthesis of
say, 50-mers. On the other hand, the phosphoramidite-based
synthesis of oligodeoxyribonucleotide 50-mers and, if care is
taken, even higher molecular weight DNA sequences is almost
routine.® It should perhaps be added that the ready availability
of phosphoramidite building blocks and their decreasing cost in
recent years may have made the search for alternative synthetic
methodologies appear not to be a matter of urgency. A crucially
important factor in the success of solid phase oligonucleotide
synthesis has been the commercial availability of easy-to-operate
automatic synthesizers. The fact that the best and probably the
most popular of these instruments were designed especially for
the use of phosphoramidite building blocks and reagents may
well be another reason why, in the past 20 years, only a very
limited research effort has been put into the development of
alternative methodologies.

Indeed, most of the more recent research into alternative
methodologies for solid phase oligonucleotide synthesis has
involved the H-phosphonate approach® (see above). Like
the corresponding building blocks 99a used in solid phase
phosphotriester synthesis, monomeric H-phosphonate building
blocks 73 are both stable and easy to prepare.** Coupling
reactions involving H-phosphonates appear to be at least as
fast** as those involving phosphoramidites. As indicated above,
H-phosphonates (e.g. 73), are activated by acylating agents
such as pivaloyl chloride. Both overactivation and prolonged
coupling times should be avoided in order to prevent the oc-
currence of undesirable side-reactions.**®* Therefore particular
attention must be paid to the coupling protocol. Nevertheless,
the H-phosphonate approach has been used successfully in
the solid phase synthesis of relatively high molecular weight
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oligonucleotides.**** However, the general perception is that the
phosphoramidite approach to solid phase synthesis is superior
to the H-phosphonate approach in its present form and, for this
reason, it is used much more widely. A possible explanation for
this is that, in the strategy normally followed, the individual H-
phosphonate diester linkages (as in 103) are not oxidized after
each coupling step but are all oxidized together after the entire
oligonucleotide sequence has been assembled. This could give
rise to a number of problems.**¢* First, H-phosphonate diesters
(as in 103) are susceptible to acylation on phosphorus (as in
104). If this occurs, the internucleotide linkages affected will not
be converted into the desired phosphodiester internucleotide
linkages in the final oxidation step. Secondly, even if this side-
reaction does not occur, it is difficult to ensure that all of
the H-phosphonate diesters are converted into phosphodiester
linkages in the oxidation step. If oxidation is incomplete, the
remaining H-phosphonate diester linkages will be cleaved during
the ammonolytic step required to removed the N-acyl protecting
groups from the base residues. This would inevitably lead to
diminished yields of target sequences. It is possible that solid
phase H-phosphonate synthesis could be improved by oxidizing
H-phosphonate diester to phosphodiester internucleotide link-
ages after each coupling step or perhaps better still by adopting
the modified H-phosphonate approach*** (Scheme 14), which
would involve a sulfur-transfer step (resulting in P(111) — P(V))
in each synthetic cycle.

Synthesis of oligo- and poly-ribonucleotides (RNA
sequences)

It was clear at the outset that the choice of a protecting
group for the 2'-hydroxy functions of ribonucleoside building
blocks was the most crucial decision to be made in the overall
strategy for polyribonucleotide synthesis. This protecting group
has to remain intact throughout the assembly of the target
RNA sequences and must then be easily removable in the
final deblocking step under conditions under which RNA is
completely stable. These are very demanding requirements.
Under relatively mild basic conditions, the inter-ribonucleotidic
linkage (as in 105, Scheme 15) undergoes hydrolytic cleavage® to

give at first a fragment terminating in a 2',3'-cyclic phosphate (as
in 106) and a fragment 107 with a free 5'-hydroxy function. The
cyclic phosphate fragment 108 can then undergo further base-
catalyzed hydrolysis to give an isomeric mixture of the corre-
sponding 2'- and 3'-monophosphates (108 and 109, respectively).
The same fragments 106 (leading to 108 and 109) and 107 are
also obtained under conditions of acid-catalyzed hydrolysis.®
However, under acidic conditions, migration of internucleotide
linkages,% as indicated (Scheme 15) by the conversion of 105
into 110, which has one or more 2'— 5'-internucleotide linkages,
can also occur. This isomerization process is reversible.

In choosing or designing a protecting group R for the 2'-
hydroxy function of a ribonucleoside (as in 111), it is very
important indeed fully to be aware of the above hydrolysis
properties of RNA. If a base-labile protecting group is selected,
it is obviously desirable that it should be removable under
basic conditions that are mild enough for the cleavage of the
internucleotide linkages (Scheme 15) completely to be avoided.
However, if a small amount of cleavage does occur, it is generally
possible to remove the contaminating truncated sequences by
chromatographic or other purification methods. If an acid-
labile protecting group is selected, it is absolutely essential that
it should be removable under very mild conditions indeed of
acidic hydrolysis as, in practice, it is virtually impossible to
free even relatively low molecular weight oligoribonucleotides
from contaminating impurities containing one or more 2'—5'-
internucleotide linkages (as in 110). Finally, it should be borne
in mind that, once the 2'-protecting groups have been removed,
the free RNA sequences obtained will be highly susceptible
to endonuclease-promoted digestion and must therefore be
handled under sterile conditions.

It is not proposed to consider 2'-protection in oligo- and
poly-ribonucleotide synthesis in any detail here as this subject
has recently been discussed fully elsewhere.®® For the reasons
indicated above, it would in principle appear desirable to protect
the 2-hydroxy functions with a group that is removable at
neutral pH, providing that it fully met the general criteria of
stability and ease of removability required for all protecting
groups. The 2'-protecting groups used so far that are removable
under more or less neutral conditions include benzyl® (as
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in 111; R = CH,Ph), 2-nitrobenzyl®” (as in 111; R = 112)
and tert-butyldimethylsilyl®’ (TBDMS, as in 111; R = 113).
The 2'-O-benzyl protecting group, which is removable®™ by
catalytic hydrogenolysis, suffers from a serious disadvantage in
that it is difficult to ensure that complete 2'-deblocking of an
RNA sequence even of moderate size will occur. Furthermore,
concomitant hydrogenation of the 5,6-double bonds of cytosine
and uracil residues may also occur.® The 2-nitrobenzyl group
112, which is removable photolytically®”® above 280 nm, has been
used to a much greater extent. However, it has been reported®
that photolytic cleavage proceeds more smoothly under acidic
conditions (i.e. at pH 3.5) and it is therefore questionable
whether 2-nitrobenzyl may be considered as a protecting group
that is readily removable under neutral conditions. The TBDMS
protecting group 113 has been used very widely in solid phase
oligoribonucleotide synthesis (see below); it nevertheless suffers
from a notable disadvantage in that it readily undergoes base-
catalyzed migration” (as in the conversion of 111a into 114a
and vice versa; Scheme 16). For this reason, 2’-O-TBDMS-
ribonucleoside derivatives (e.g. 111a) with free vicinal 3'-hydroxy
functions must be handed with care. The TBDMS group is
normally removed by treatment with tetra-n-butylammonium
fluoride in THF solution™ or with triethylamine trihydroflu-
oride (Et;N-3HF).”">¢ The former reagent is essentially basic
and the latter reagent is more or less neutral, and there is no
evidence that either reagent promotes the cleavage or migration
of the internucleotide phosphodiester linkages of unprotected

RNA.
Me
ac 'v
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111 114
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Scheme 16

Although from the above discussion, base-labile would in
principle appear to be more suitable than acid-labile groups for
the protection of the 2’-hydroxy functions in oligoribonucleotide
synthesis, in fact very little use has been made of them. Perhaps
the main reason for this is that acyl groups, which are the most
common base-labile protecting groups for hydroxy functions,
very readily undergo base-catalyzed migration™ (as in the con-
version of 111b into 114b and vice versa; Scheme 16). However,
unlike mixtures of 2'- and 3'-O-TBDMS derivatives (111a and
114a), isomeric 2'- and 3'-O-acyl ribonucleoside derivatives (e.g.
111b; R' = Me and 114b; R' = Me) are usually not readily

Ura = uracil-1-yl 116

separable by chromatography. Despite the potential problems
of cleavage and migration of the internucleotide linkages during
the deblocking of 2'-protected RNA sequences (see above and
Scheme 15), the use of acid-labile groups for the protection of the
2'-hydroxy functions merits serious consideration as nucleoside
aglycone residues and internucleotide linkages (both in solution
phase and solid phase synthesis) are virtually always protected
with base-labile groups. Due to the lability of RNA to acids,
bases and, if present, contaminating hydrolytic enzymes, it is
highly desirable that the 2’-protecting groups should remain fully
intact until the final deblocking step. However, if the 2'-hydroxy
functions are to be protected with acid-labile groups, then
particular care must be taken to ensure that the final deblocking
step is carried out under the mildest possible conditions of acidic
hydrolysis.

The first acid-labile 2'-protecting group examined was the
tetrahydropyran-2-yl (Thp) group™“ (as in 115), which is part
of an acetal system. The half-time (z1) for the deprotection
of 2’-O-Thp-uridine 115 in 0.01 M hy(frochloric acid (pH 2.0)
was found® to be 54 min at 24 °C. However, under the same
conditions, 5! for the removal of the Thp group from the
partially-protected dinucleoside phosphate 116, which would
seem to be a better model for a 2’-protected RNA sequence, was
found® to be only 29 min. Virtually complete (i.e. ca. 99.9%)
2'-deblocking should require ca. 10¢;, that is, just under 5 h.
Cleavage and migration (to give uriéylyl-(2’—> 5)-uridine 117)
of the internucleotide linkage of the dinucleoside phosphate
116 was found to occur to a negligible extent in 5 h under
these conditions. As the Thp group is chiral, its use leads
to diastereoisomeric mixtures of products. For this reason,
the Thp group was abandoned in favour of the achiral 4-
methoxytetrahydropyran-4-yl (Mthp) protecting group™** (as
in 118). The Mthp group has an additional advantage in that
it is over twice as labile as the Thp group at pH 2.0 and room
temperature.’*

a Solution phase synthesis of RNA sequences

The 2-O-Mthp protecting group was used successfully
in the synthesis of the 3'-terminal decamer’®* (10-mer:
r[lUCGUCCACCA]), nonadecamer®** (19-mer: rffAUUCCG-
GACUCGUCCACCA], and heptatriacontamer*® (37-mer:
IGGAGAGGUCUCCGGTyCGAUUCCGGACUCGUCC-
ACCA] sequences of yeast tRNA*" by the phosphotriester
approach in solution. The internucleotide linkages were
protected with 2-chlorophenyl groups (as in 119) and MSNT
45 was used as the coupling agent. It was necessary to block
the 5'-hydroxy functions with temporary protecting groups (R
in 119) that were removable under very mild basic conditions
indeed in such a way that their removal did not affect the
growing number of base-sensitive (2-chlorophenyl)-protected
internucleotide  linkages. The 2-(dibromomethyl)benzoyl
(Dbmb)™ 121 and 2-[(isopropylthio)methoxymethyl]-benzoyl**
122 protecting groups were developed for this purpose.
The adenine, cytosine, guanine and uracil residues were
protected as in 123, 13; R = CMe;, 91a and 96, respectively.
The 5-methyluridine (T) and pseudouridine (y) residues
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in the 37-mer sequence were protected’™ with 4-O-phenyl
and 1-N-(4-bromobenzenesulfonyl) groups, respectively.
Following the removal of the protecting groups from the
internucleotide linkages and the base-residues by treatment first
with 2-nitrobenzaldoximate ions and then with concentrated
aqueous ammonia, the Mthp groups were removed from the
2'-hydroxy functions with 0.01 M hydrochloric acid at room
temperature to give the fully-unprotected target sequences.>
Other phosphotriester approaches to the solution phase
synthesis of RNA sequences, involving different 2'-protecting
groups, have also been reported.”

b Solid phase synthesis of RNA sequences

The TBDMS protecting group 113 has been used very widely”
in the solid phase synthesis of RNA sequences. Despite the ease
of migration of the TBDMS group, relatively pure monomeric
phosphoramidites of general structure 124, which are contam-
inated with at most very small quantities of isomeric 3'-O-
TBDMS-2"-phosphoramidites, are commercially available. The
general protocol of solid phase RNA synthesis is very similar
to that of solid phase DNA synthesis.** Again, both controlled-
pore glass and polystyrene are generally used as solid supports.
Due presumably to the bulkiness of the protected 2'-hydroxy
functions, coupling times are generally much longer than in
DNA synthesis and activators other than 1H-tetrazole 102 (e.g.
S-ethylsulfanyl-1 H-tetrazole™ 125) have sometimes been used.
In order to ensure that the 2'-O-TBDMS protecting groups
remain largely intact until the final unblocking step, it is advis-
able that the adenine, cytosine and guanine residues should be
protected with particularly labile acyl groups (e.g. as in 126-128,
respectively”) that are removable by treatment with ammonia or
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methylamine under very mild conditions. In the final deblocking
step, the 2’-O-TBDMS protecting groups are best removed by
treatment with triethylamine trihydrofluoride.”®*

As suggested above, acid-labile (e.g. acetal) 2'-protecting
groups have the considerable advantage that they remain intact
under the basic conditions required to remove the protecting
groups from the nucleoside aglycone residues and the internu-
cleotide linkages. Fully-assembled RNA sequences are generally
also released from the solid support under mild basic conditions.
Acetal protecting groups have two additional very considerable
advantages in that they can be introduced regiospecifically onto
the 2'-hydroxy function of a ribonucleoside derivative and, once
in place, they do not migrate.

Substituted trityl (e.g DMTr 15b and 9-phenylxanthen-9-yl
(Px)* 129) groups have been used for the temporary protection
of 5'-hydroxy functions in nearly all approaches to the solid
phase synthesis of oligoribonucleotides. Such ‘trityl” protecting
groups have the advantage that they are readily cleaved under
acidic conditions. ‘Trityl’ protecting groups have a further
advantage in that the liberated ‘trityl’ cations may be assayed
spectrophotometrically®® and the efficiency of the coupling steps
thereby monitored. Clearly, a potential problem of selectivity
arises if acid-labile groups are used to protect both the 2'- and
5'-hydroxy functions.

It had earlier been found™+#! that the rate of acid-catalyzed
hydrolysis of acetal systems of general structure 130 is very
sensitive to the inductive effect of the atom or group X. It then
seemed reasonable to assume that if the tertiary amine function
in a l-arylpiperidin-4-one acetal system 131 had a pK, of ca. 2,
it would be largely protonated (as in 132) in the presence of an
excess of trichloroacetic acid (pK, 0.66) during the ‘detritylation’
step in solid phase synthesis and largely unprotonated (as in
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131) during the final deblocking step, especially if it is carried
out above, say, pH 3. It was then concluded that, as a first
approximation, the rate of hydrolysis should be pH independent
in a pH range from somewhere below to somewhere above its
pK.. The Ctmp group®* 133a was the first such 1-arylpiperidin-
4-one acetal system that was found to have the desired properties:
the ratio of its hydrolysis rates at pH 0.5 and 2.5 was found
to be only 1.55. The Ctmp group 133a was found to be
compatible with the 5'-O-Px protecting group 129 in solid phase
oligoribonucleotide synthesis, and has been used successfully
to protect the 2'-hydroxy functions both in phosphoramidite-
based®” and in H-phosphonate-based®* synthesis.

It was subsequently found® that the related Fpmp group
133b had similar hydrolysis properties to the Ctmp protecting
group 133a. However, the enol ether reagent®* 134 required
for the preparation of 2'-O-Fpmp nucleoside derivatives 135
and hence for the preparation of the phosphoramidite building
blocks 136a,b is more readily accessible than the correspond-
ing Ctmp reagent. At first, phosphoramidites 136a with the
more acid-labile 5'-O-Px protecting groups were used,®® but
subsequently the corresponding 5-O-DMTr derivatives 136b
became commercially available. In both sets of phosphoramidite
building blocks®#¢ 136a,b the amino functions of the adenine,
cytosine and guanine base residues were protected with pivaloyl,
benzoyl and phenylacetyl groups (as in 137, 13b and 138,
respectively), and the uracil residues were left unprotected. The
Fpmp protecting group has been used successfully in solid phase
RNA synthesis by a number of workers.®* After the completion
of the coupling steps, the products are generally treated with
concentrated aqueous ammonia (to release the protected RNA
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from the solid support and remove the protecting groups from
the internucleotide linkages and the base residues). The stabi-
lized (i.e. stable to base- and endonuclease-catalyzed hydrolysis)
2'-0-Fpmp RNA may safely be purified before it is subjected
to acidic hydrolysis to give fully-deblocked RNA. Although
acid treatment at pH 2.0-2.3 and room temperature proved to
be satisfactory for the deblocking even of some relatively high
molecular weight RNA sequences® (e.g. the 3'-terminal 37-mer
sequence of unmodified yeast tRNAA®), it was subsequently
found®® that the internucleotide linkages of other sequences
(e.g. 1[(Up)yU] and r[(Up),,U]) underwent appreciable cleavage
and migration under the latter acidic conditions. Indeed it is
now believed®* that it is generally advisable to remove 2'-O-
Fpmp and related protecting groups from RNA sequences at
or above pH 3.25 and room temperature in order to avoid
these undesirable side-reactions. An examination of twelve other
related piperidinyl protecting groups revealed® that the 1-(4-
chlorophenyl)-1-ethoxypiperidin-4-yl (Cpep) 139 group had an
even better acid hydrolysis profile than the Fpmp group 133b in
that it is both more stable to acidic hydrolysis in the pH range
0.5-2.5 and more labile in the pH range 3.25-3.75.

Recently two other approaches to solid phase RNA synthesis
have been developed and commercialized successfully. Scaringe
et al® have reported the use of the phosphoramidite building
blocks 140 which have since been widely used in a custom synthe-
sis of RNA sequences. The particular features of this approach
are (i) that instead of an acid-labile 5'-protecting group, a 5'-O-
silyl group, which is removable by treatment with fluoride ions,
is used, (ii) methyl rather than 2-cyanoethyl phosphoramidite
building blocks are used, and (iii) orthoester 2'-protecting groups
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are used. The orthoester group is deacetylated and thus made
more acid-labile in the penultimate deblocking step. In the
second approach, the (triisopropylsilyl)oxymethyl (TOM) 141
group® is used to protect the 2'-hydroxy functions. The TOM
group 141 may be regarded as an alternative to the TBDMS
protecting group 113 in that it is also removed by treatment
with fluoride ions; however, it has two advantages over the
TBDMS group in that (i) it cannot migrate and (ii) it appears
to be effectively less bulky and therefore its use leads to shorter
coupling times.

So far emphasis has been placed on the use of phospho-
ramidite building blocks in solid phase RNA synthesis. However,
H-phosphonate building blocks have also been used successfully.
The 2'-hydroxy functions have been blocked by a number
of protecting groups including TBDMS®* 113 and Ctmp®**
133a. The use of monomeric H-phosphonate building blocks
in solid phase oligoribonucleotide synthesis has recently been
reviewed.

Present conclusions and possible future directions of
oligo- and poly-nucleotide synthesis

It is clear that enormous strides have been made in the method-
ology of the chemical synthesis of DNA and RNA sequences
since the publication of Michelson and Todd’s seminal paper*
in August 1955. It would, of course, be foolhardy to attempt
to predict how this field will progress in the next five decades.
As it is an area of such intrinsic and practical importance, it is
inevitable that, in the future, synthetic methodology will undergo
numerous significant developments. It is also very likely that
the course of these developments will be strongly influenced by
the requirements of molecular biology and biotechnology. Solid
phase synthesis, probably based on phosphoramidite building
blocks, will surely continue to be used in the preparation of
the relatively small quantities of material required by molecular
biologists. A more uncertain matter is what influence the
licensing of a systemic oligonucleotide drug, which may be
required in multikilogram or even tonne quantities would have
on the development of synthetic methodology. While solid
phase synthesis has so far provided the multigram quantities of
material®® required for clinical trials, it seems not unlikely that
either solution phase synthesis or a combination of solution
and solid phase synthesis will emerge as the method of choice if
really large quantities of material become required. Thus, dimer,
trimer or even larger oligonucleotide blocks could be prepared
on a large scale in solution, quite possibly by the modified
H-phosphonate approach®** (see Scheme 14 above) and then
linked together either in solution or on a solid (or liquid polymer)
support.

Despite the considerable progress that has taken place in
recent years, the synthesis of RNA still lags somewhat behind
that of DNA sequences. This is due largely to the demanding
requirements of 2'-protection. As there has so far been no success
in the licensing of a systemic antisense drug, it is quite likely that
research in oligonucleotide drug discovery will become directed
more to the development of RNAi-based®> chemotherapy.
This would inevitably lead to research effort in the field of
oligo- and poly-nucleotide synthesis becoming more and more
directed towards the synthesis of RNA and modified RNA
sequences.
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An experimental ("H NMR) and theoretical (DFT) study of the ring—chain-ring isomerization of
3-(2-pyridyl)-[1,2,3]triazolo[1,5-a]pyrid-7-yl derivatives (A) into 6-{[1,2,3]triazolo[1,5-a]pyrid-3-yl}-2-pyridyl
derivatives (B) has been carried out. Based on the calculations, a mechanism of several steps will be proposed. The
experimental results as well as the calculations lead to the conclusion that the A-B ratio depends on the electronic

properties of the substituents.

Introduction

During our research on the chemistry of [1,2,3]triazolo[1,5-
alpyridines 1, we were interested in synthesising 2-pyridyl-
[1,2,3]triazolo[1,5-a]pyrid-7-ylmethanones 3,' to use them as
starting materials to prepare polypyridylcarbonylpyridines 6
and 7, polynitrogenated ligands able to make helicates, a
versatile family of supramolecular complexes.? Compounds 3
can be synthesised from triazolopyridines 1a—d by regioselective
lithiation at —40 °C giving 2 and subsequent reaction with the
adequate electrophile.’** Reaction of 3 with N,H, followed by
oxidation with MnQO,, or with TsSNHNH, and aqueous sodium
hydroxide, gave the corresponding compounds 4.! The new
ligands 6 and 7 can be accessed if the methodology summarised
above is applied several times, followed by triazolo ring opening
with loss of dinitrogen (Scheme 1). In this context we had
found an interesting structural feature for the compound so-
called 3¢, (from now on 8). Its '"H NMR spectrum demonstrates
that it exists almost entirely as its isomer 9.! To account for
this structure we assumed that, in solution, the first formed
compound 8, a type A isomer, 3-(2-pyridyl)-[1,2,3]triazolo[1,5-
alpyrid-7-yl derivative, is in equilibrium with the diazo form; this
intermediate may undergo a new ring—chain isomerisation,*®

giving 9, a type B isomer, 6-{[1,2,3]triazolo[1,5-a]pyrid-3-yl}-2-
pyridyl derivative (Scheme 2).

Z I
N
7
R A R
8 R=2-PyCO 9 R=2-PyCO
10 R = SiMie; 12 R = CH3CO
11 R = B(OR); pinacol ester 13R=Br
17 R=CHj 14R=Cl
19R=D 15R=1
16 R = p-CgH4OMe
18 R = CHg
20R=D
Scheme 2

Probably the position of the A-B equilibrium depends on
some characteristics of the substituents. To verify this hypoth-
esis, we have carried out a '"H NMR study of a series of

Scheme 1

This journal is © The Royal Society of Chemistry 2005

Reagents and conditions: (i) n-BuLi-toluene, —40 °C; (ii) 2-Py—CO,Et; (iii) N,H,; (iv) MnO,, Cl,CH,; (v) SeO,.
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Table 1 'H NMR (in CDCl;). J values are given in Hertz (Hz)
R H4 H5 Ho6 H7 H3 H4 H5 Ho' Other
1c H 8.69m 7.28dd 6.96dd 8.69m 8.27d 7.71dd 7.13dd 8.69m
Ref. 1 Ji=9.0 J, =6.6 J=80 J, =80 J, =51
J,=6.6 J,=173 J,=15 J,=15
9 2-PyCO 8.01d 7.10dd 6.95dd 8.65d 8.40d 7.92dd 7.98d 8.73d, H6”
Ref. 1 J=9.0 J,=9.0 Ji=69 J=69 J=76 J, =76 J=1.1 8.01d, H3”
J,=6.0 J,=6.0 J, =17 7.85dd, H4”
7.47dd, H5"
10  SiMe; 8.61d 7.20dd 7.01d 8.27 7.69dd 7.10dd 8.57d 0.45s, 3CH;
Ref. 3 J=9.1 J,=9.1 J=6.6 J=80 J, =80 J, =51 J=51
J,=6.6 J, =176 J,=176
11  B(OR)," 8.76d 7.26dd 7.46d 8.32d 7.72dd 7.14dd 8.59d 1.38s, 4CH;
Ref. 7 J=289 J, =89 J=6.6 J=79 J, =177 J, =49 J=49
J,=6.6 J,=177 J,=175
12 CH,CO 8.71d 7.46 dd 7.10ddd  8.80d 8.55dd 7.98-7.92m  7.98-7.92m 2.867s, CH;
J=9 J, =90 Ji=69 J=69 J, =69
J, =69 J,=69 J,=24
J;=12
13 Br 8.65d 7.43dd 7.07dd 8.75d 8.28d 7.63dd 7.37dd
J=9.0 Ji=9.0 Ji=72 J=69 J=78 J, =78 J=28.1
J, =69 J,=6.6 J,=1738
14 Cl 8.66d 7.40ddd 7.04ddd  8.72d 8.22d 7.70dd 7.19dd
J=9 J, =87 Ji=69 J=69 J=78 J, =178 J, =178
J,=69 J,=69 J,=1738 J,=0.6
J;=09 Ji=12
15 1 8.61d 7.43dd 7.07dd 8.76d 8.29d 7.38dd 7.61d
J=9.0 J,=9.0 Ji=69 J=69 J=78 J, =178 J=138
J, =69 J,=69 J,=178
16 p-CH,OMe 8.61d 6.99dd 7.34dd 8.70d 8.19d 7.76dd 7.56d 7.98d, 2H
J=9.0 J, =90 Ji=69 J=69 J=78 J, =78 J=138 6.99d, 2H
J, =69 J, =69 J,=1738 3.9s, OCH;
17 Me75% 8.61d 7.32dd 6.89d 8.37d 7.78dd 7.20ddd 8.66d 2.92s, CH;
J=9.0 J, =90 J=069 J=38.1 J =78 J =175 J =438
J, =69 J,=1738 J, =438
J;=09
18 Me25% 8.76-8.72m  7.38-7.73m  7.04dd 8.76-8.72m  8.13d 7.67d 7.07d 2.62s, CH;
J, =69 =78 J, =175 J=138
J,=172 J,=1738

“ Pinacol ester.

pyridyltriazolo—pyridines 1¢ and 9-20 in order to study the
influence of the substituents on the equilibrium and on the ring—
chain isomerisation and hence on the structure of these products.
We have also carried out DFT/B3LYP/6-31G* calculations on
some of these compounds. We wish to report here the results of
this research.

Results and discussion

Trimethyl[3-(2-pyridyl)-[1,2,3]triazolo[1,5-a]pyrid-7-yl]silane
10, and 2-[3-(2-pyridyl)-7-[1,2,3]triazolo[1,5-a]pyridyl]-4.,4,5,5-
tetramethyl[1,3,2]dioxaborolane 11, have been synthesised
previously.*”  Pyridyltriazolopyridines 12-18 are new
compounds. Compound 12 was synthesised using the standard
procedure by lithiation of [1,2,3]triazolo[1,5-a]pyridines and
reaction with esters,! using ethyl acetate as co-reagent. The
bromo- and chloro-derivatives 13 and 14 were prepared by
the method described by some of us for the halogenation
of 3-methyl-[1,2,3]triazolo[1,5-a]pyridine,® lithiation reaction
followed by treatment with 1,2-dibromotetrachloroethane or
hexachloroethane respectively, using toluene as solvent in
the step of lithiation.* The iodo-derivative 15 was prepared
by lithiation with LDA in THF? and then treatment
with I,. A Suzuki coupling reaction between 15 and 4-
methoxyphenylboronic acid, using dioxane as solvent and
Na,CO; as base, gave the p-methoxyphenyl derivative 16 in
good yield. To synthesise compound 17 we used a general
procedure for the synthesis of triazolopyridines, reaction of
an acylpyridine with N,H,-H,O and, without isolation of the
corresponding hydrazone, oxidation with MnQO,.! The starting
material was 6-methyl-2-pyridyl-2-pyridylmethanone 21.
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Table 1 reports the 'H NMR data of series 1¢, 9-18. The d and
J values for all of them prove that they have a pyridyltriazolo—
pyridine structure. In compounds 10 and 11, which contain a 3,7-
disubstituted triazolopyridine and a 2-substituted pyridine, the
presence of a proton with a coupling constant of / =4.9-5.1 Hz
is significant, corresponding to a H2 or H6 pyridine proton.
On the other hand, for compounds 9 and 12-16 which have a
3-substituted triazolopyridine and a 2,6-disubstituted pyridine,
there is always a H7 triazolopyridine proton present in these six
compounds as is proved by signals at § = 8.65-8.80 (d) with J =
6.9 Hz, characteristic of this type of protons. We can conclude
that those compounds that have electron-donating substituents
(10, 11) have the equilibrium shifted to the left, these are type A
isomers, while in those with electron-withdrawing substituents
(9, 12-16), the equilibrium is shifted to the right, being type B
isomers (Scheme 2). When the substituent is a methyl group, the
NMR spectrum corresponds to a mixture of both isomers 17
and 18, 75 : 25 in favour of 17.

In the parent compound 3-(2-pyridyl)-[1,2,3]triazolo[1,5-
alpyridine 1¢, this type of isomerization can take place, but it
would be a degenerate rearrangement and the product would
be structurally identical to the starting material. The existence
of degenerate isomers can be detected by use of isotopic labels,
thus we have incorporated deuterium in 1c after lithiation and
treatment with D,0. The spectrum of the deuterated compound
shows that a 50 : 50 mixture of 19 and its isomer 20 is present,
because all the signals are at the same ¢ values and have exactly
the same multiplicity as in the 1¢ spectrum (see Table 1), but only
the multiplets corresponding to H4, H7 and H6', maintaining
the same appearance, have an integral value that shows that the
number of hydrogens being detected corresponds to 2.
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Fig. 1

In summary, we have proved that structures A and B are
in equilibrium (i.e., the isomerization barrier should be low)
and the A-B ratio depends on the electronic properties of the
R substituent. Electron-donating substituents [SiMe;, B(OR),]
favour the A form, electron-withdrawing substituents [COMe,
Br, CL, I, p-MeOPh] favour the B form, and only in the case
where R = Me are both forms present (75% of A, 25% of B).

Computational results
(a)

The reaction path is more complex than was initially thought
(Fig. 1 and Scheme 3). In the case of 1¢, the degenerate nature
of the process allows the representation of only one half of
the mechanism in Fig. 1 (in Scheme 3 it is complete). We will
distinguish three pathways:

The red pathway starts by a rotation of the pyridyl ring
about the C—C bond of the minimum M. It then goes through
the “orthogonal” transition state TS1 to a second minimum
R12, where both nitrogen atoms are on the same side. The
“planar” transition state (not represented) connects R12 with
its enantiomer (AE = 37.3 and AG = 38.8 kJ mol™"). From
R12 to R13 there is a TS of 96.4 kJ mol~'. From the reaction
intermediate R13, both minima M can be reached.

The blue pathway starts from M to RI4 (TS3, AG =
75.2 kJ mol™") and RI4 with RI5 (TS, AG = 75.2 kJ mol™).
From the reaction intermediate RI5, both minima M can be
reached.

The black pathway connects M with RI4 (TS3, AG =
75.2 kJ mol™') and RI4 with RI3 through a second TS (TS4,
AG =70.2 kJ mol™"). The differences between the blue and black
pathways are very small (compare TS4 with TSS) and besides
the limiting step, common to both, is the transformation of M
into RI4 through TS3.

The red process corresponds to a ring-ring—chain-ring-ring
tautomerism while the black and blue ones are of a ring—chain—
chain—chain-ring type. In these last two cases, the higher barrier
involved, about 75 kJ mol~!, explains why in the cases of R = D
(19/20) and R = CH; (17/18), an equilibrium was observed in
solution.

Part concerning the reaction profile (1c, Scheme 1, R’ = H)

AE = 56.5 kl/mol

AG = 43,1 KI/mol o rm
Rt TSS

f

AE = 81.0 kJ/mol AE = 80.4 kJ/mol
AG =70.2 kJ/mol AG =67.0 kl/mol
TS4 RIS

f

AE =62.1 kJ/mol
AG =51.7 kl/mol
RI3

(b)

We have selected different R groups (Scheme 2), some of them
corresponding to those studied experimentally. In the case of
R = H, E = —642.960693 hartree. For the other substituents,
the difference in energy between the A and B isomers are
(in kJ mol™"): NO, (—53.8), F (—40.7), CI (—30.5), Br (—26.2),
OMe (—22.0), CN (—18.8), OH (—17.9), NMe, (—17.8), COMe
(—14.0), CHO (—11.0), NH, (—4.9), Bu (-2.3), CH; (6.4),
SiH; (15.1), SiMe; (20.7) and B(OH), (29.2). The sign always
coincides with the isolated isomer. In the case of R = CH;,
6.4 kJ mol~! corresponds to 93% of A and 7% of B, while the
experimental result is 75% A/25% B, which are in an acceptable
agreement.

If we situate the seven experimental values ina 10 to —10 scale,
to be consistent with the calculations it is necessary that Cl 14 =
—10,Br13=-9,COMe 12 = -5, H1c¢ = 0, Me 17/18 = 2,
SiMe; 10 = 7 and B(OR), 11 = 10. These values are ordered from
electron-withdrawing to electron-releasing substituents but none
is linearly related to any Hammett or Taft coefficients nor to
gas-phase basicity (PA) of 2-substituted pyridines (NIST data).
Only the combined use of ¢,,, 0, and MR (molar refractivity as
a steric coefficient) yields an acceptable correlation coefficient
(r* = 0.955).

Part concerning the A-B ratio

Experimental

Melting points were determined on a Kofler heated stage and
are uncorrected. NMR spectra were recorded on a Bruker AC
300 MHz in CDCl, as solvent. COSY experiments were done for
all compounds. HRMS (EI) determinations were made using a
VG Autospec Trio 1000 (Fisons). Infrared spectra were recorded
in KBr discs on a Bio-Rad FTS-7. All the lithiation reactions
were done under an inert atmosphere and in dry solvents.!!

3-(2-Pyridyl)-[1,2,3]triazolo[1,5-a]pyridine 1c,
2-pyridyl-6-[1,2,3]triazolo[1,5-a]pyrid-3-yl-2-pyridylmethanone
9, trimethyl[3-(2-pyridyl)-[1,2,3]triazolo[1,5-a]pyrid-7-yl|silane
10, and 2-[3-(2-pyridyl)-7-[1,2,3]triazolo[1,5-a]pyridyl]-4,4,5,5-
tetramethyl[1,3,2]dioxaborolane 11

Prepared as described.>’
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Scheme 3

3-(6-Acyl-2-pyridyl)-[1,2,3]triazolo[1,5-a]pyridine 12

To a solution of 3-(2-pyridyl)-[1,2,3]triazolo[1,5-a]pyridine 1c
(0.24 g, 1.22 mmol) in anhydrous toluene (20 mL) at —40 °C,
a solution of n-butyllithium in hexane (0.75 mL, 2.5 M) was
added with stirring. A deep red colour developed. The mixture
was kept at —40 °C (4 h). Treatment with dry ethyl acetate
(1 mL) produced a colour change to yellow. The mixture was
left at —40 °C (2 h) and allowed to warm to room temperature
overnight, and was then treated with a saturated solution of
ammonium chloride. The organic layer was separated and the
aqueous layer extracted with dichloromethane. After being
dried over anhydrous Na,SO, and evaporation of the organic
solvents, the obtained residue was purified by chromatotron
with hexane and increasing polarity with ethyl acetate as eluent,
to obtain 3-(6-acyl-2-pyridyl)-[1,2,3]triazolo[1,5-a]pyridine 12
(20 mg, 8.6% over recovered starting material). Mp 189—
192 °C (CH,Cl,-hexane). HRMS found for M* 238.0857;
C;;H\(N,O requires 238.0854. v,.. (KBr)(cm™) 3086, 3041,
2924, 2853, 1686, 1633, 1592, 1529. *C NMR J(CDCl,) 199.74
(CO), 152.89 (C), 151.30 (C), 137.60 (CH), 136.67 (C), 132.00
(©), 126.92 (CH), 125.48 (CH), 123.81 (CH), 120.64 (CH),
119.87 (CH), 115.98 (CH), 26.26 (CH;). Then 3-(2-pyridyl)-
[1,2,3]triazolo[1,5-a]pyridine 1c¢ (50 mg) was recovered, and
further elution gave 7,7'-bi[1,2,3]triazolo[1,5-a]pyridine (70 mg).
Mp >350 °C, lit.* >350 °C.

3-(6-Bromo-2-pyridyl)-[1,2,3|triazolo[1,5-a]pyridine 13

To a solution of 3-(2-pyridyl)-[1,2,3]triazolo[1,5-a]pyridine 1c
(0.48 g, 2.44 mmol) in anhydrous toluene (30 mL) at —40 °C, a
solution of n-butyllithium in hexane (1.5 mL, 2.5 M) was added
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with stirring. A deep red colour developed. The mixture was kept
at —40 °C (4 h). Treatment with a dry toluene (5 mL) solution
of 1,2-dibromotetrachloroethane (2.0 g, 6.12 mmol) produced a
colour change to yellow. The mixture was left at —40 °C (2 h)
and allowed to warm to room temperature overnight, and was
then treated with a saturated solution of ammonium chloride.
The organic layer was separated and the aqueous layer extracted
with dichloromethane. After being dried over anhydrous Na,SO,
and evaporation of the organic solvents, the obtained residue was
purified by chromatotron with hexane—ethyl acetate (increasing
the polarity gradually) as eluent, to obtain 3-(6-bromo-2-
pyridyl)-[1,2,3]triazolo[1,5-a]pyridine 13 (50 mg, 10.5% based
on recovered starting material). Mp 199-201 °C (CH,Cl,—
hexane). HRMS found for M* 273.9869/275.9851; C,,H,BrN,
requires 273.9854/275.9833. v,,,, (KBr)(cm™") 3105, 3044, 2926,
1633, 1587, 1555, 1536, 1031. *C NMR 6(CDCl;) 152.67 (C),
141.41 (C), 138.93 (CH), 135.80 (C), 132.10 (C), 126.98 (CH),
125.96 (CH), 125.23 (CH), 121.05 (CH), 118.74 (CH), 116.06
(CH). Then starting material 3-(2-pyridyl)-[1,2,3]triazolo[1,5-
alpyridine 1c¢ (140 mg) was eluted, and further elution gave
7,7-bi[1,2,3]triazolo[1,5-a]pyridine (250 mg).

3-(6-Chloro-2-pyridyl)-[1,2,3]triazolo[1,5-a]pyridine 14

To a solution of 3-(2-pyridyl)-[1,2,3]triazolo[1,5-a]pyridine 1c¢
(0.24 g, 1.22 mmol) in anhydrous toluene (20 mL) at —40 °C,
a solution of n-butyllithium in hexane (0.75 mL, 2.5 M) was
added with stirring. A deep red colour developed. The mixture
was kept at —40 °C (4 h). Treatment with a dry toluene solution
(5 mL) of hexachloroethane (0.72 g, 3.06 mmol) produced a
colour change to yellow. The mixture was left at —40 °C (2 h)
and allowed to warm to room temperature overnight, and was





then treated with a saturated solution of ammonium chloride.
The organic layer was separated and the aqueous layer ex-
tracted with dichloromethane. After being dried over anhydrous
Na,SO, and evaporation of the organic solvents, the obtained
residue was purified by chromatotron with hexane—ethyl acetate
(increasing the polarity gradually) as eluent, to obtain 3-(6-
chloro-2-pyridyl)-[1,2,3]triazolo[1,5-a]pyridine 14 (30 mg, 13%
over recovered starting material). Mp 178-180 °C (CH,Cl,—
hexane). HRMS found for M* 230.0408/232.0379; C, H,CIN,
requires 230.0359/232.0329. vy, (KBr)(cm™) 3105, 3046, 2923,
2853, 1635, 1590, 1527, 1036. “C NMR 6(CDCl;) 152.30 (C),
150.79 (C), 139.22 (CH), 132.13 (C), 131.77 (C), 126.94 (CH),
125.26 (CH), 122.13 (CH), 121.17 (CH), 118.46 (CH), 116.98
(CH). Then starting material 3-(2-pyridyl)-[1,2,3]triazolo[1,5-a]
pyridine 1c (45 mg) was eluted, and further elution gave 7,7-bi
[1,2,3]triazolo[1,5-a]pyridine (100 mg).?

3-(6-lodo-2-pyridyl)-[1,2,3]triazolo[1,5-a]pyridine 15

To a solution of LDA (1.2 eq.) in anhydrous THF (5 mL) at
—40 °C, a solution of 3-(2-pyridyl)-[1,2,3]triazolo[1,5-a]pyridine
1c (0.5 g, 2.6 mmol) in THF (5 mL, 2.5 M) was added with
stirring after 30 min. A deep red colour developed. The mixture
was kept at —40 °C (4 h) and was then treated with a dry THF
solution (5 mL) of iodine (1.2 eq.). The mixture was allowed to
warm to room temperature overnight, and was then treated with
a saturated solution of ammonium chloride and extracted with
dichloromethane. The organic layer was washed with a solution
of NaHSO; 10%, a saturated solution of NaCl and water. After
being dried over anhydrous Na,SO, and evaporation of the
organic solvents, the obtained solid residue (760 mg) was purified
by silica column chromatography with hexane-ethyl acetate
(increasing the polarity gradually) as eluent, to obtain 3-(6-iodo-
2-pyridyl)-[1,2,3]triazolo[1,5-a]pyridine 15 (415 mg, 1.3 mmol,
49%). Mp 193-195 °C (EtOAc-hexane). HRMS found for M*
321.9684; C,,H,IN, requires 321.9715. v,,,, (KBr)(cm™") 3103,
3041, 1633, 1583, 1536, 663. *C NMR §(CDCl;) 153.32 (O),
138.45 (CH), 136.24 (C), 133.09 (CH), 132.54 (C), 127.39 (CH),
125.67 (CH), 121.33 (CH), 119.54 (CH), 117.70 (C), 116.49
(CH).

3-[6-(4-Methoxyphenyl-2-pyridyl)]-[1,2,3]triazolo[1,5-a] pyridine
16

To a mixture of 3-(6-iodo-2-pyridyl)-[1,2,3]triazolo[1,5-a]-
pyridine 15 (160 mg, 0.75 mmol), 4-methoxyphenylboronic acid
(130 mg, 0.75 mmol) and Pd(PPh;), (6%), dioxane was added
(15 mL) with stirring. The mixture was kept at —40 °C (4 h)
and was then treated with a dry THF solution (5 mL) of iodine
(1.2 eq.). The mixture was heated to 85 °C with stirring for 8 h,
and was then allowed to warm to room temperature, water was
added and the mixture was extracted with dichloromethane.
The organic layer was dried over anhydrous Na,SO, and the
organic solvents evaporated; the obtained solid residue (270 mg)
was purified by silica column chromatography with hexane—
ethyl acetate (increasing the polarity gradually) as eluent,
to obtain 3-[6-(4-methoxyphenyl-2-pyridyl)-[1,2,3]triazolo[1,5-
alpyridine 16 (128 mg, 0.4 mmol, 80%). Mp213-215°C (EtOAc-
hexane). HRMS found for M* 302.1112; C,3sH,,N,O requires
302.1168. v, (KBr)(cm™) 3089, 2926, 1593, 1561, 1244, 1118.
BC NMR §(CDCl;) 160.87 (C), 156.94 (C), 152.02 (C), 138.18
(C), 137.89 (CH), 132.72 (C), 132.47 (C), 128.56 (CH), 126.80
(CH), 125.67 (CH), 121.82 (CH), 118.62 (CH), 118.52 (CH),
116.30 (CH), 55.59 (CHs).

6-Methyl-2-pyridyl-2-pyridylmethanone 21

To a solution of 2-bromo-6-methylpyridine (0.2 mL, 1.79 mmol)
in dry ether (20 mL) at —78 °C under N,, a solution of n-
butyllithium in hexane (0.83 mL, 2.5 M) was added gradually.

The mixture was kept at —78 °C (75 min), and then was
treated with a dry ether solution of ethyl picolinate (0.28 mL),
was kept at —78 °C (3 h) and was allowed to warm to
room temperature overnight. The reaction mixture was treated
with a saturated solution of ammonium chloride, the organic
phase was separated and the aqueous phase was extracted with
dichloromethane. The combined organic phases were dried with
Na,SO, and concentrated. The residue was submitted to column
chromatography with hexane—ethyl acetate (2 : 1) as eluent
obtaining 6-methyl-2-pyridyl-2-pyridylmethanone 21 (80 mg,
23%).1

7-Methyl-3-(2-pyridyl)-[1,2,3]triazolo[1,5-a]pyridine 17 and
3-(6-methyl-2-pyridyl)-[1,2,3]triazolo[1,5-a]|pyridine 18

A mixture of 6-methyl-2-pyridyl-2-pyridylmethanone 21 (80 mg)
and hydrazine monohydrate (2.5 mL) was heated to 100 °C for
2 h. The reaction mixture was treated with a solution of sodium
hydroxide (5 mL, 30%) and then was extracted with CH,Cl,.
After evaporation of the organic solvent, the residue (68 mg) was
refluxed in dried chloroform with activated manganese dioxide
(150 mg) for 15 h. The hot solution was filtered over celite.
The filtrate was concentrated (75 mg). The crude mixture was
purified by chromatotron with hexane—ethyl acetate (increasing
the polarity gradually) as eluent, to obtain an isomeric mixture
of 7-methyl-3-(2-pyridyl)-[1,2,3]triazolo[1,5-a]pyridine (75%) 17
and 3-(6-methyl-2-pyridyl)-[1,2,3]triazolo[1,5-a]pyridine (25%)
18 (25 mg, 42.8%). Mp 108-110 °C (CH,Cl,~hexane). HRMS
found for M* 210.0889; C,,H,(N, requires 210.0905. v,
(KBr)(cm™") 3053, 2959, 2921, 1641, 1602, 1551, 1535. "C NMR
J(CDCl,) for 17 152.21 (C), 149.20 (CH), 137.58 (C), 136.48
(CH), 135.79 (C), 132.19 (C), 126.50 (CH), 121.78 (CH), 120.44
(CH), 118.54 (CH), 114.77 (CH), 17.42 (CH;), for 18 136.82
(CH), 126.07 (CH), 125.09 (CH), 121.49 (CH), 121.38 (CH),
117.30 (CH), 115.74 (CH), 24.59 (CH5;). Then starting material
(25 mg) was eluted.

Computational details

Geometries of the stationary structures 10a and 13a were
fully optimised at the B3LYP theoretical level,"*"* with the 6-
31G* basis set’® as implemented in the Gaussian 98 program.'®
Harmonic frequency calculations verified the nature of the
stationary points as minima (all real frequencies) and TS (only
one imaginary frequency).
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o-Nitrobenzyl photochemistry as induced by UV-A irradiation was applied to a photoactivated drug releasing system
based on a molecular beacon strategy. A stem-and-loop structured oligodeoxynucleotide (ODN) possessing a
photoreactive o-nitrobenzyl chromophore at the 3'-end and 1-aminonaphthalene quencher at the 5-end underwent
conformational change into a conventional double strand structure by hybridization with a specified target

DNA. The intrinsic stem-and-loop structure suppressed photoactivated release of benzoic acid as a phantom drug
from the o-nitrobenzyl chromophore because of intramolecular quenching by the 1-aminonaphthalene unit in close
proximity to the chromophore. Formation of the double strand structure in the presence of perfectly matched target
DNA minimized occurrence of intramolecular quenching and thereby enhanced the photoactivated drug release.

Introduction

Smart drugs, which manifest a specific activity according to
individual genetic information, are of particular significance for
selective treatment of diseased cells.! This family of drugs can
mediate effective medical treatment of diseased cells without
inducing side-effects in normal cells. In this view, development
of such drugs is recognized as the ultimate goal of chemotherapy.

A new strategy for creating these functional drugs involves the
combination of a prescribed DNA hybridization sensor with a
drug releasing system to set up a prodrug, the activation of which
is modulated by sensing its target DNA sequence.? Recently, an
attempt was made to develop a DNA sequence-specific drug-
releasing system, using a photoreactive oligodeoxynucleotide
(ODN) possessing phenacyl ester and naphthalene derivatives.®
This photoreactive ODN consisted of a stem-and-loop structure
to modulate the photoactivated drug release by a molecular
beacon strategy.* Although the photoreaction of the phenacyl
ester attachment for drug release could be effectively modulated
whether or not there was target DNA present, the drawback
to the previous photoreactive ODN was that UV-B irradiation
(290-320 nm) is required for photoactivation and thus induces
direct oxidative stress on normal cells to invoke a strong
cytotoxic and mutagenic effect.® Furthermore, UV-B radiation
has the demerit of less penetration through the epidermis and
the upper dermis due to shorter wavelength. Therefore, an
alternative photoactivation system with longer wavelengths of
light to achieve deeper penetration through skin and avoid
unfavorable direct radiation effect on normal tissues is essential.

We report here construction of a photoactivated drug re-
leasing system based on a molecular beacon strategy and
o-nitrobenzyl photochemistry,® using UV-A irradiation (320-
400 nm) that does not cause direct excitation of DNA.”® We
synthesized a photoreactive ODN possessing an o-nitrobenzyl
chromophore, which released benzoic acid as a phantom
drug compound upon photoirradiation at 365 nm, and a
l-aminonaphthalene unit with an intramolecular quench-
ing function.” Upon photoirradiation of the o-nitrobenzyl
chromophore attached to the photoreactive ODN in the
absence of complementary target DNA, the drug release
was effectively suppressed because of quenching by the 1-

This journal is © The Royal Society of Chemistry 2005

aminonaphthalene unit that was located in close proximity to
the o-nitrobenzene chromophore in the stem-and-loop structure.
In contrast, the presence of complementary target DNA could
switch over the stem-and-loop structure of the photoreactive
ODN to an ordinary double-strand structure by hybridization
with target, thereby resulting in the efficient photochemical drug
release with decreased extent of intramolecular quenching due to
separation of the o-nitrobenzene and 1-aminonaphthalene units.
In addition, we obtained the first evidence that the enhanced
drug release could not occur even in the presence of DNA with
a single base mismatch.

Results and discussion

The synthesis of photoreactive ODN is outlined in Scheme 1.
The o-nitrobenzyl ester 6 possessing a phantom drug com-
pound of benzoic acid, and succinimidyl ester as connected to
amino-modified DNA was synthesized from a 4-nitrophenol
derivative 1. A primary alcohol 8 prepared from N-methyl-
I-aminonaphthalene 7' was converted to phosphoramidite
9, followed by introduction into DNA by automated DNA
synthesis. Incorporation of the o-nitrobenzyl chromophore into
DNA was achieved by coupling of the amino group in 10 and 6.
The formation of modified ODN was confirmed by MALDI-
TOF mass spectrometry. The structures of the ODNSs used in
this study are shown in Fig. 1.

o)
R = CH,0H o SN
. H |
Gcreac —o/\/\/\/NTO\/\o NO, Z
o

c
é o000 o o R
A GAGC GSI—O\/\N/
TGA
ODN 1: CTe
PN

ODN 2: 5-CATAGGTCTTAACTT-3' (Complementary ODN)
ODN 3: 5-CATAGGTGTTAACTT-3' (Single base mismatched ODN)
ODN 4: 5-CTGGTGCTCGACGCG-3' (Non-complementary ODN)

Fig.1 Structure and sequences of oligodeoxynucleotides (ODNs) used
in this study.
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(1:1).

To characterize the functionality of 1-aminonaphthalene as an
intramolecular quencher influencing on the photoactivated re-
lease of benzoic acid, we performed photoirradiation at 365 nm
of ODN 1 in 10 mM sodium cacodylate (pH 7.0) for 30 min at
various temperatures in the range 0-60 °C. As shown in Fig. 2,
photoactivated drug release was suppressed at temperatures
lower than 20 °C, where ODN 1 would favor the stabilized
stem-and-loop structure. In contrast, the elevated temperatures
enhanced the drug releasing efficiency to a substantial amount
up to a five-fold increase at 60 °C. These results strongly suggest
that the 1-aminonaphthalene attachment to the 5-end of ODN
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Fig. 2 Influence of the reaction temperature on the photoactivated
release of benzoic acid from ODN 1. Irradiation of 10 uM ODN 1 with
365 nm light obtained from transilluminator was carried out in 10 mM
sodium cacodylate (pH 7.0) for 30 min at various temperatures. The
photoreaction was monitored by reversed-phase HPLC.
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1 can display an effective intramolecular quenching ability for
the photochemical reaction of the o-nitrobenzyl chromophore in
the stem-and-loop structure stabilized at lower temperatures, in
which the o-nitrobenzyl chromophore remains in close proximity
to the I-aminonaphthalene attachment. At higher temperatures,
however, such a quenching by l-aminonaphthalene becomes
minor to induce efficient release of benzoic acid, because the
stem strand dissociates to separate the average distance between
chromophore and quencher.!!

To identify the functionality of the loop strand to hybridize
with its target DNA possessing a specified base sequence, we
further compared photoactivated releases of benzoic acid from
ODN 1 at 0 °C in the presence and absence of complementary
DNA. The time courses of the photoreactions are shown in
Fig. 3. ODN 1 released benzoic acid about twice as efficiently
in the presence of complementary ODN 2 as in its absence. This
result indicates that hybridization of ODN 1 with ODN 2 into a
duplex structure gives rise to separation of the o-nitrobenzyl
chromophore and 1-aminonaphthalene quencher. A smaller
efficiency of the apparent photoactivated release of benzoic acid
from ODN 1 in the presence of ODN 2 at 0 °C (Fig. 3), relative
to the heat denatured ODN 1 at 60 °C (Fig. 2), suggests that the
stem-and-loop formation of ODN 1 may still occur to a con-
siderable extent at lower temperatures in competition with the
duplex formation between ODN 1 and ODN 2. In the separate
experiments, we also confirmed that the presence of a single-base
mismatched ODN 3 or a non-complementary ODN 4, instead
of the complementary ODN 2, was ineffective for the enhanced
release of benzoic acid, the efficiency of which was practically
the same as in the photoirradiation of ODN 1 alone. Thus, the
characteristic photoreactivity of ODN 1 with a stem-and-loop
structure could discriminate a single-base mismatched DNA.





0 60 120
Irradiation time (min)

Concentration of released benzoic acid (uM))

Fig. 3 Release of benzoic acid upon photoirradiation of ODN 1.
Photoirradaition at 365 nm of 10 pM ODN 1 for 0, 20, 40, 60 and
120 min at 0 °C in 10 mM sodium cacodylate (pH 7.0) was carried out in
the presence of 50 uM complementary ODN 2 (H), 50 uM single-base
mismatched ODN 3 (A), or 50 pM noncomplementary ODN 4 (@).
Release of benzoic acid upon photoirradiation of ODN 1 alone is also
indicated by (OJ). The reaction was monitored by HPLC.

Compared with the previous photo-induced drug release
system with functionalized ODN possessing phenacyl ester as
a chromophore,® the difference in efficiency between the drug
releases in the presence and absence of complementary DNA
is smaller in the present o-nitrobenzyl photoreaction system.
This may be attributed to the evidence that photoreaction of the
o-nitrobenzyl chromophore occurring both in the singlet and
triplet excited states'? was partly quenched by aminonaphtha-
lene quencher via long-range dipole-dipole interaction.”® Thus,
such a long-range quenching could occur even in the double
strand structure of ODN 1 with complementary ODN 2 to
reduce efficiency of drug release in the present system.

Conclusion

In summary, we improved a photoactivated drug releasing
system modulated by a molecular beacon strategy. The presented
molecular system consisted of an o-nitrobenzyl chromophore, a
l-aminonaphthalene quencher, and an ODN with a stem-and-
loop structure, the base sequence of which was so arranged that
it can hybridize with a given target DNA. The ODN underwent
conformational change from a stem-and-loop structure into
double strand structure in the presence of complementary DNA
that had a perfect base match, and thereby resulted in efficient
drug release. Although the present system showed a smaller
extent of enhancement of photo-induced drug release in the
presence of target complementary DNA relative to the previous
system, a major advantage is that we could selectively excite the
o-nitrobenzyl chromophore of functionalized ODN by a less
harmful light of UV-A. In addition, nitrobenzyl photochemistry
employed herein has been demonstrated to be applicable to the
development of photoactivated prodrugs releasing actual drugs
such as 5-fluorouracil, phosphoramide mustard and L-leucyl-L-
leucine methyl ester.*™ In these views the present system would
be a promising candidate for effective medical treatment without
serious side-effects.

Experimental
General methods

Melting points were determined with a Yanagimoto micro melt-
ing point apparatus and are uncorrected. '"H NMR spectra were
measured with JEOL INM-AL 300 (300 MHz), or JEOL JMN-
EX-400 (400 MHz) spectrometers. The chemical shifts are ex-
pressed in ppm downfield from tetramethylsilane, using residual
chloroform (0 = 7.24 in "H NMR) and residual dimethyl sulfox-
ide (0 =2.49 in "TH NMR) as internal standards. *C NMR spec-

tra were measured with JEOL JNM-AL 300 (300 MHz), JEOL
JMN-EX-400 (400 MHz) or JEOL JNM-A500 (500 MHz)
spectrometers. Mass spectra were recorded on a JEOL JMS-
SX102A spectrometer. Matrix-assisted laser desorption ion-
ization time-of-flight (MALDI-TOF) mass spectrometry of
oligonucleotides were obtained on JEOL JMS-ELITE MALDI-
TOF MASS spectrometer with 2',3',4'-trihydroxyacetophenone
as matrix. Calf intestine alkaline phosphotase (AP), snake
venom phosphodiesterase (svVPDE) and nuclease P1 (P1) were
purchased from PROMEGA, YAMASA and ICN, respectively.
The oligonucleotide was purchased from INVITROGEN. The
reagents for the DNA synthesizer such as A, G, T, C and 3'-
Amino-Modifier C7 CPG support were purchased from Glen
Research. The purity and concentration of all oligodeoxynu-
cleotides were determined by complete digestion with svPDE,
AP and P1 to 2’-deoxymononucleotides. Reversed phase HPLC
was performed on an Inertsil ODS-3 column (4.6 x 150 mm)
with Shimadzu 10A or HITACHI D-7000 HPLC system using a
UV detector at 230 or 260 nm. Photoirradiation at 365 nm was
carried out using TFX-40.M. transilluminator.

5-|2-(tert-Butyldimethylsilyloxy)ethyloxy}-2-nitrobenzaldehyde (2)

To a solution of 5-hydroxy-2-nitrobenzaldehyde 1 (2.01 g,
12.03 mmol) in dry DMF (30 ml) was added 2-bromoethoxy-
tert-butyldimethylsilane 3 (3.0 g, 12.59 mmol) and K,CO,
(1.89 g, 13.67 mmol), and the mixture was stirred at 80 °C
for 1.5 h. The resulting mixture was diluted with sat. NH,Cl
and extracted with ethyl acetate. The extract was washed with
brine, dried over anhydrous MgSQ,, filtered, and concentrated in
vacuo. The crude product was purified by flash chromatography
(Si0,, 20% ethyl acetate—hexane) to give 2 (2.97 g, 76%) as a
yellow oil: '"H NMR (CDCl,;, 400 MHz) 6 10.45 (d, 1H, J =
4.0 Hz), 7.31 (dd, 1H, J = 2.4, 4.0 Hz), 7.15 (dd, 1H, J = 8.8,
2.4 Hz), 4.17 (t, 2H, J = 4.6 Hz), 3.98 (t, 2H, J = 4.6 Hz),
0.86 (s, 9H), 0.06 (s, 6H); *C NMR (CDCl;, 100 MHz) J 188.3,
163.4, 142.1, 134.2, 127.1, 119.0, 113.9, 70.6, 61.6, 25.9, 18.4,
—5.2; FABMS (NBA) m/z 326 [M + H)*]; HRMS calcd. for
CsH,NOsSi [(M + H)*] 326.1424, found 326.1422.

5-2(ter+-Butyldimethylsilyloxy)ethyloxy]-2-nitrobenzyl alcohol (3)

To a solution of 2 (1.63 g, 5.02 mmol) in THF (25 ml) was
added NaBH, (188 mg, 4.84 mmol), and the mixture was stirred
at 0 °C for 2 h. The resulting mixture was diluted with water
and extracted with ethyl acetate. The extract was washed with
brine, dried over anhydrous MgSO,, filtered, and concentrated in
vacuo. The crude product was purified by flash chromatography
(Si0,, 20% ethyl acetate—hexane) to give 3 (1.22 g, 74%) as a
yellow solid: mp 51-52 °C; '"H NMR (CDCl;, 400 MHz) 6 8.11
(d, 1H, J = 9.2 Hz), 7.21 (d, 1H, J = 2.8 Hz), 6.86 (dd, 1H,
J =9.2,2.8 Hz), 495 (s, 2H), 4.12 (t, 2H, J = 5.0 Hz), 3.97 (t,
2H, J = 5.0 Hz), 0.87 (s, 9H), 0.06 (s, 6H); *C NMR (CDCl;,
100 MHz) ¢ 163.5, 140.3, 140.1, 127.8, 114.4, 113.5, 70.0, 62.8,
61.7,25.9, —5.2; FABMS (NBA) m/z 328 [(M + H)*]; HRMS
caled. for C;sH,NOsSi [(M + H)*] 328.1580, found 328.1588.

5-[2-(tert-Butyldimethylsilyloxy)ethyloxy]-2-nitrobenzyl
benzoate (4)

To a solution of 3 (1.01 g, 3.09 mmol) in CH,Cl, (20 ml) was
added benzoyl chloride (520 mg, 3.70 mmol) and triethylamine
(374 mg, 3.69 mmol), and the mixture was stirred at 0 °C
for 2 h. The resulting mixture was diluted with sat. NaHCO,
and extracted with ethyl acetate. The extract was washed with
brine, dried over anhydrous MgSQ,, filtered, and concentrated in
vacuo. The crude product was purified by flash chromatography
(Si0,, 13% ethyl acetate-hexane) to give 4 (983 mg, 74%) as a
yellow solid: mp 78-79 °C; '"H NMR (CDCl;, 400 MHz) ¢ 8.21
(d, 1H, J = 9.2 Hz), 8.10 (dd, 2H, J = 8.0, 1.2 Hz), 7.59 (m,
1H), 7.47 (dd, 2H, J = 8.0, 8.0 Hz), 7.13 (d, 1H, J = 2.8 Hz),
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6.91 (dd, 1H, J = 9.2, 2.8 Hz), 5.79 (s, 2H), 4.09 (t, 2H, J =
4.8 Hz), 3.95 (t, 2H, J = 4.8 Hz), 0.85 (s, 9H), 0.04 (s, 6H); 1*C
NMR (CDCL,, 100 MHz) 6 165.7, 163.3, 140.1, 135.6, 133.3,
129.7, 129.6, 128.5, 128.0, 114.4, 113.0, 70.0, 63.6, 61.6, 25.9,
18.4, —5.2; FABMS (NBA) m/z 432 [(M + H)*]; HRMS calcd.
for Cp,H,yNOSi [(M + H)*] 432.1842, found 432.1845.

5-[2-Hydroxyethyloxy]-2-nitrobenzyl benzoate (5)

To a solution of 4 (621 mg, 1.44 mmol) in THF (25 ml) was added
acetic acid (432 mg, 7.20 mmol) and TBAF (2.8 mL, 1.0 M
in THF, 2.88 mmol), and the mixture was stirred at ambient
temperature for 10 h. The resulting mixture was diluted with
sat. NaHCO; and extracted with ethyl acetate. The extract was
washed with brine, dried over anhydrous MgSO,, filtered, and
concentrated in vacuo. The crude product was purified by flash
chromatography (SiO,, 3% methanol-CHCI;) to give 5 (429 mg,
94%) as a white solid: mp 75-76 °C; '"H NMR (CDCl;, 400 MHz)
0 8.20 (d, 1H, J = 9.2 Hz), 8.10 (dd, 2H, J = 8.4, 0.8 Hz), 7.59
(m, 1H), 7.47 (dd, 2H, J = 8.4,8.4 Hz), 7.13(d, 1H, J = 2.4 Hz),
6.91 (dd, 1H, J = 9.2, 2.4 Hz), 5.78 (s, 2H), 4.13 (t, 2H, J =
4.6 Hz), 3.96 (t, 2H, J = 4.4 Hz); *C NMR (CDCl;, 100 MHz)
0 165.7, 162.8, 140.4, 135.7, 133.4, 129.7, 129.5, 128.5, 128.0,
114.4, 112.8, 69.9, 63.6, 61.0; FABMS (NBA) m/z 318 [(M +
H)*]; HRMS calcd. for C,sH ;({NO4 [(M + H)*] 318.0977, found
318.0985.

5-[2-(2,5-Dioxopyrrolidinyloxycarbonyloxy)ethyloxy]-2-
nitrobenzyl benzoate (6)

To a solution of 5 (295 mg, 0.93 mmol) in CH;CN (3 ml) was
added N,N’-disuccinimidyl carbonate (1.19 g, 4.65 mmol) and
triethylamine (471 mg, 4.65 mmol), and the mixture was stirred
at ambient temperature for 24 h. The resulting mixture was
diluted with sat. NaHCO; and extracted with ethyl acetate. The
extract was washed with brine, dried over anhydrous MgSO,,
filtered, and concentrated in vacuo. The crude product was
purified by flash chromatography (SiO,, 5% acetone—CHCI,)
to give 6 (279 mg, 66%) as a white solid: mp 47-48 °C; '"H NMR
(CDCl;, 400 MHz) 6 8.23 (d, 1H, J =9.2 Hz), 8.11 (dd, 2H, J =
8.4, 1.6 Hz), 7.59 (m, 1H), 7.48 (dd, 2H, J = 8.4, 8.4 Hz), 7.17
(d, IH,J =2.4Hz),6.93 (dd, 1H, J =9.2,2.4 Hz), 5.79 (s, 2H),
4.66 (t,2H, J = 4.4 Hz), 4.31 (t, 2H, J = 4.4 Hz), 2.81 (s, 4H);
BCNMR (CDCl;, 100 MHz) 6 168.2, 165.8, 162.1, 151.5, 140.9,
135.8, 133.3, 129.7, 129.5, 128.6, 128.0, 114.5, 113.1, 68.4, 65.6,
63.5, 25.5; FABMS (NBA) m/z 459 [M + H)*]; HRMS calcd.
for C,;HyN,O, [(M + H)*] 459.1039, found 459.1044.

2-(N-Methyl-N-1-naphthylamino)ethanol (8)

To a solution of 7* (295 mg, 2.00 mmol) in toluene (3 ml) was
added triethylamine (405 mg, 4.00 mmol) and 2-bromoethanol
(501 mg, 4.01 mmol), and the mixture was refluxed for 2 h. The
resulting mixture was diluted with sat. NH,Cl and extracted
with ethyl acetate. The extract was washed with brine, dried
over anhydrous MgSO,, filtered, and concentrated in vacuo. The
crude product was purified by flash chromatography (SiO,, 20%
ethyl acetate—hexane) to give 8 (353 mg, 88%) as a pale purple
solid: mp 53-54 °C; 'H NMR (CDCl;, 300 MHz) ¢ 8.28 (dd,
1H,J=7.0,2.0Hz), 7.82 (dd, 1H, J = 6.9, 2.7 Hz), 7.58 (d, 1H,
J =8.4Hz),7.50-7.36 (3H), 7.17 (dd, 1H, J = 7.4, 1.1 Hz), 3.80
(dt,2H, J = 5.4, 5.4 Hz), 3.30 (t, 2H, J = 5.4 Hz), 2.87 (s, 3H),
241 (t, IH, J = 5.4 Hz); *C NMR (CDCl;, 100 MHz) 6 149 .4,
134.6,129.3,128.2,125.6, 125.4,125.4,123.8, 123.3, 116.0, 59.2,
58.0, 42.9; FABMS (NBA) m/z 202 [M + H)*]; HRMS calcd.
for C;;HsNO [(M + H)*]202.1232, found 202.1225.

N-Methyl-N-[2-(N,N-diisopropylamino-2-
cyanoethoxyphosphinyloxy)ethyl]-1-aminonaphthalene (9)

To a solution of 8 (40 mg, 0.20 mmol) and tetrazole (18 mg,
0.26 mmol) in dry CH;CN was added 2-cyanoethyl-N,N,N',N'-
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tetraisopropylphosphorodiamidite (60 mg, 0.20 mmol), and the
mixture was stirred at ambient temperature for 30 min. After
the reaction, crude product 9 was used for automated DNA
synthesis without further purification.

Synthesis of modified oligodeoxynucleotides (10)

Modified oligodeoxynucleotides possessing amino group at 3'-
terminal and aminonaphthalene quencher at 5'-terminal were
prepared by the B-cyanoethylphosphoramidite method on 3'-
Amino-Modifier C7 controlled pore glass support (1 umol) by
using an Applied Biosystems Model 392 DNA/RNA synthe-
sizer. After the automated synthesis, oligomers were deprotected
by heating the solutions at 55 °C for 12 h. The synthesized
oligomers were purified by reversed phase HPLC, elution with a
solvent mixture of 0.1 M triethylamine acetate (TEAA), pH 7.0,
linear gradient over 60 min from 0% to 30% acetonitrile at a
flow rate 3.0 mL min~'. The synthesized oligodeoxynucleotides
was identified by MALDI-TOF mass (10: calcd. 8162.39, found
8162.59).

Incorporation of nitrobenzyl chromophore into
oligodeoxynucleotides (ODN 1)

To a solution (total volume 20 uL) of 10 was added the solution
of 6 (550 pg, 1.20 umol) and sat. NaHCO; (10 uL), and the
mixture was incubated at 25 °C for 12 h. After the reaction,
the crude product was purified by reversed phase HPLC to give
ODN 1. The formation of ODN 1 was confirmed by MALDI-
TOF mass (ODN 1: calcd. 8505.68, found 8505.27).

Photoreactions of ODN 1

Before irradiation, we carried out formation of stem-and-loop
structure or hybridization with target DNA (ODN 2, ODN
3 or ODN 4) of ODN 1, which was achieved by heating
the sample at 90 °C for 5 min and slowly cooing to room
temperature. Photoreactions of 10 uM ODN 1 in the presence
or absence of 50 uM target DNA at given temperatures were
carried out in a buffer containing 10 mM sodium cacodylate
(pH 7.0), using 365 nm light from transilluminator. After the
reaction, the released benzoic acid was determined by reversed
phase HPLC (HITACHI D-7000) equipped with Intersil ODS-
3 column (4.6 x 150 mm, GL Sciences) using a UV detector
(L-7455) at 230 nm.
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Four alkyne-functionalized poly(lysine) derivatives have been synthesized and characterized by 'H and *C NMR
spectroscopy. In the first poly(lysine) derivative, phenylpropiolate moieties are directly bound to the aminic arms,
whereas in the other derivatives, propargylamine moieties are bound to the aminic poly(lysine) arms through glucaric
acid and diethylene glycol (DG) chains, respectively. para-Hydrogenation of the alkyne-functionalized poly(lysine)
compounds has been investigated and the results have been discussed in terms of spin lattice relaxation properties of
the hydrogenated products. It is shown that the longer the mobile chain separating the unsaturation from the
poly(lysine) backbone, the more intense the polarized signals when para-hydrogenation is carried out. This is due to
(a) the maintenance of short reorientational times on the unsaturated ends, and therefore a sufficiently long 7', of the
protons added during hydrogenation, and (b) the minor effect of steric hindrance by the poly(lysine) backbone that
decreases interaction of the unsaturation with the catalyst, allowing higher hydrogenation rates.

Introduction

Since para-H, effects in NMR spectra were discovered about
fifteen years ago by Weitekamp and Eisenberg,'* a number
of systems have been investigated, mainly in order to better
understand hydrogenation mechanisms.>® In fact the magneti-
zation transfer order from para-H, to the hydrogenated product
yields extraordinary enhancements in the NMR signal which, in
theory, may reach values as high as 10° times the signal intensity
of the corresponding derivatives produced with normal H,,*
allowing the detection of species which are present in solution
in very low concentrations.

The large enhancement of NMR signal due to the reaction
with para-H, may also find an interesting application in the
field of magnetic resonance imaging (MRI). The contrast in
a MR image arises basically from differences in proton spin
density and in their relaxation times. Therefore the search
for contrast agents for MRI has been mainly focused on
chemicals able to markedly enhance the relaxation rate of water
protons.”™ Recently, Golman and coworkers' suggested a new
exciting approach to the development of MRI contrast agents
by exploiting the high signal/noise ratio of para-hydrogenated
products. Actually, they set up a procedure aimed at transferring
the spin-order of the para-hydrogen system to enhance the
magnetization of a neighbouring *C atom. Thus they acquired
an angiographic image obtained by monitoring the *C signal
intensity of a para-hydrogenated molecule injected into the aorta
of a rat. In this case the contrast agent was para-hydrogenated
methyl acetylenedicarboxylate, and the angiogram of the rat was
obtained by a single shot RARE sequence.’

The potential use of para-hydrogenated substrates in magnetic
resonance imaging relies, first of all, on two main issues, namely
an highly efficient hydrogenation step and the occurrence of long
relaxation times of the two added hydrogens. Both issues can
dramatically change between a small unsaturated molecule to its
multimeric derivatives.” In particular, the relaxation time of the
para-hydrogen derived nuclei is a critical parameter, as it should
be as long as possible in order to allow the full exploitation of
their polarization in the acquisition of the image.

Large-sized molecules containing hyperpolarized moieties
may be of interest in several MRI applications. Longitudinal
'"H-relaxation time (7',) in organic molecules is dominated
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by dipolar interactions and is inversely dependent upon the
molecular reorientational time (z¢)," which is directly related
to the molecular size: the larger the molecule, the longer 7. and
the shorter 7',. Therefore, in order to keep ¢ short enough, one
has to design large-sized systems in which the hyperpolarized
moieties are linked to the macromolecular backbone by flexible
chains that allow ample, local motions.

The long-term goal of our project is to synthesize systems
containing many equivalent alkynyl moieties that, upon para-
hydrogenation, act as hyperpolarized molecules whose distribu-
tion, as a consequence of the relatively high molecular weight,
is confined to the intravascular space (blood pool agent). The
substrate for the generation of multimeric para-hydrogenated
systems is provided by poly(lysine) at different polymerization
degrees (PD). This poly(amino acid) consists of a peptidic
backbone with g-butylamino groups pointing outward that may
serve as anchoring sites for the conjugation of the unsaturated
moieties susceptible to para-hydrogenation.

We surmise that it is possible to limit the decrease of the
relaxation times of the olefinic protons if a proper spacer is
introduced between the e-amino groups of poly(lysine) and the
unsaturated moiety. The spacer should provide the unsaturated
moiety with a high mobility, as it is known that the dipolar relax-
ation mechanism responsible for the 7', of the olefinic protons is
dependent upon the reorientational time of the H-H magnetic
vectors. The introduction of a long, flexible spacer would
bring an additional advantage as far as the para-hydrogenation
reaction is concerned. In fact, it is expected that the interaction
between the unsaturated C=C moiety and the hydrogenation
catalyst will be favoured by increasing the length of the spacer.

Results

We address the study of the para-hydrogenation of phenyl-
propiolate, propargylamine and their multimeric derivatives,
based on the conjugation of these monomers, with or without
spacers, to poly(lysine) chains. In order to reduce H-H dipolar
contributions to the observed relaxation times in hydrogenated
propargylamine, the D/H replacement for the exchangeable
protons has been carried out before hydrogenation, by dissolving
the propargylamine-containing molecules in D,O.

This journal is © The Royal Society of Chemistry 2005





(1) para-Hydrogenation of phenylpropiolate (Ph—C=C-COOELt)
and deuterated propargylamine (D,N-CH,-C=CD)

The para-hydrogenation reactions have been carried out directly
in the NMR tube, in methanol solutions at ambient tempera-
ture, by using [Rh(COD)(dppb)][BF,] (COD = cyclooctadiene,
dppb = diphenylphosphinobutane)® as catalyst and 3 atm of
para-H, (Scheme 1, R = OEt, R’ = D; experimental details
are reported in the Experimental section). Relatively high yields
(>90%) of the hydrogenated products have been obtained from
both reactions. The expected para-hydrogen induced effects in
the '"H-NMR spectra of para-hydrogenated phenylpropiolate
(A) and propargylamine (B) have been clearly detected in
terms of large absorption and emission signals (Fig. 1—the
corresponding spectra after para-H, relaxation do not show any
signal for the hydrogenated products because at this stage of
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Fig.1 '"HNMR spectra of (a) a 0.06 mM solution of para-hydrogenated
phenylpropriolate, and (b) a 0.06 mM solution of para-hydrogenated
deuterated propargylamine, recorded immediately after shaking (3 atm
p-H,, CD;0D, room temperature; * denotes the cis-isomer).

Tablel Ha and Hb 'H longitudinal relaxation times of para-
hydrogenated substrates (CD;0D, 400 MHz, room temperature)

Substrate T, (Ha) [s] T, (Hb) [s]
A 11.8 9.5
PhPOLY-40 1.5 1.8

B 19.5 21
PRGLPOLY-40 3.6 4
PRDGPOLY 10.0 10.0

the hydrogenation reaction the products concentration is still
too low to be detected, and have therefore been omitted). The
estimated signal enhancement associated to the addition of
the p-H, molecule is about 10> when the spectra are acquired
immediately after the mixing of p-H, gas and the solutions
containing the alkynes and the catalyst.

For T, measurements, A and B have been synthesized from
normal H,, and purified in order to avoid the presence of any
metal containing compound. Relaxation times were measured
on outgassed CD;OD solutions by means of the inversion
recovery pulse sequence,™ at 9.4 T and 298 K. The obtained
values are the following: 7,(H,) = 11.8 sand 7',(H,) = 9.5 s for
product A; T,(H,) = 19.5 s and T',(H,) = 21.0 s for product B
(Table 1).

(2) para-Hydrogenation of phenylpropiolate moieties conjugated
to poly(lysine) chains

The functionalization of a small poly(lysine) chain (11-14
lysine units per molecule) with phenylpropiolate moieties
(Scheme 2a) has been carried out in methanol at room
temperature by the direct reaction between poly(lysine) and
ethylphenylpropiolate in appropriate molar ratio,'® (see Experi-
mental section for the procedure details), according to Scheme 3.
The product has been fully characterized by 'H and "C-NMR
spectroscopy.

a Ph-POLY o
ol
p! Y\/\/\N)\
H Ph
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N—v Ph
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b poly /\/\/N =~
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H H o
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PO N N/\
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poly \/\AN/k/O\/\O/\/ O\/\ N/\
H H N D
Scheme 2

According to the employed stoichiometric ratio, two degrees
of functionalization have been achieved. In the first case (termed
PhPOLY-100) all of the poly(lysine) arms have been conjugated
to the alkynyl moieties (100% substitution). This product is
soluble solely in dimethylsulfoxide, generally known as an
unsuitable solvent for catalytic hydrogenation. In the second
case (PhPOLY-40), where only about 40% of the poly(lysine)
arms have been substituted, the product is partially soluble in
methanol by the presence of free NH, groups, and hence suitable
for catalytic hydrogenation.

Org. Biomol. Chem., 2005, 3, 3948-3954

3949






HOOC - CH— NH{CO- CH—-NH-CO- CH—NH2
| ! |
CH2)4 CH2)4 CH2)4
NH2 NH2 NH2

m Etooc—cEc’© t

- EtOH

HOOC-CH-NH{CO-CH-NH CO-CH-NH-|CO-CH—NH2
|

| 1 ]
(CH2)4 (§H2)4 CH2)4 CH2)4
NH NH2 NH NH2
é_O (n-m+1 ‘ (m-1)

P~ c=0

c |

Il ﬁ‘

¢ o]

PhPOLY @

n=11-14
m depends upon the substitution degree

Scheme 3

We then performed the para-hydrogenation of PhPOLY-40
dissolved in methanol solution directly in the NMR tube, under
the same experimental conditions used for phenylpropiolate (see
Experimental section for details). In this case, the reaction is
so slow that no enhanced signals can be detected in the 'H
NMR spectrum when recording it after the same time (about
20 s after shaking) as for A. The measurement of the spin-
lattice relaxation times of the olefinic protons of hydrogenated
PhPOLY-40 afforded 1.5 and 1.8 s for H, and H, respectively
(Table 1, see Scheme 1 for attributions), i.e. about 13-19% of
those measured for hydrogenated phenylethylpropiolate.

In order to limit both the steric hindrance of the unsaturated
group and the decrease in the proton relaxation times in
PhPOLY-40, we prepared other poly(lysine) derivatives, with
the alkynyl fragment more spaced from the poly(amino acid)
chain by means of a mobile alkyl chain. The obtained product,
depicted in Scheme 2b, consists of a PhPOLY-like molecule,
with 4-aminobutylamide of squaric acid as a spacer between the
lysine NH group and the propiolate CO group. Unfortunately
again this compound is insoluble in all solvents but DMSO, and
therefore not suitable for para-hydrogenation experiments.

(3) para-Hydrogenation of deuterated propargylamine moieties
conjugated to poly(lysine) chains

In order to prepare these kind of multimeric derivatives, it has
been necessary first to synthesize a derivative of propargylamine
suitable for conjugation to the e-amino groups of the poly(lysine)
chains. A good candidate was deemed to be the derivative
with a glutaric acid unit (PRGL), which should also enable
the unsaturated moiety to have a sufficiently high flexibility
(Scheme 2c).

The synthetic route, depicted in Scheme 4, involves the reac-
tion of glutaric anhydride with propargylamine, which affords
the monopropargylamide derivative of glutaric acid (PRGL-ac).
PRGL-ac is then reacted with N-hydroxysuccinimide (NHS)
in the presence of dicyclohexylcarbodiimide (DCC) as the
activating agent for the formation of the peptide bond, to yield
the reactive ester. The latter is then reacted with poly(lysine)
in the appropriate molar ratio to afford the final product
PRGLPOLY.

As in the case of PhPOLY, two different degrees of function-
alization have been achieved: PRGLPOLY-100 (100% substitu-
tion), insoluble in CH;OH; and PRGLPOLY-40 (with a degree
of substitution of about 40%), again fairly soluble in methanol
due to the presence of free NH, groups. PRGLPOLY-40 is com-
pletely soluble in water, thus allowing complete deuteration of
the triple bond, simply by dissolving the poly(lysine) derivative in
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D,0. The proton—deuterium exchange is very fast, with complete
deuteration occurring in a few minutes at room temperature.
Its characterization has been carried out by 'H and “C NMR
spectroscopy.

Unlike in the case of PhnPOLY-40, PRGLPOLY-40 undergoes
hydrogenation fast enough to allow the detection of para-H,
effects when para-H, is used. The "H NMR spectrum is reported
in Fig. 2 (see Scheme 1 for attribution). Clearly, the enhancement
of the olefinic signals is rather low if compared with the
enhancements usually observed for small-sized molecules (see
in Fig. 1 the spectrum relative to the para-hydrogenation
of deuterated propargylamine under the same experimental
conditions). Nevertheless, the observation of hyperpolarized
absorption/emission signals is indicative that the introduction
of a mobile spacer between the triple bond and the poly(lysine)
chain is effective (1) in lowering the steric hindrance around
the unsaturation, thus allowing faster hydrogenation, and (2) in
slightly increasing the relaxation times of the olefinic protons
in the hydrogenated product, allowing the polarization to be
maintained for a longer time. In fact, the olefinic protons T,
are in this case 3.6 s and 4.0 s for H, and H,, respectively
(Table 1), i.e. about 18-19% of those measured for deuterated
propargylamine.

(Ha) (Hb)

6.0 58 56 54 52 ppm

Fig.2 'H NMR spectrum of a 0.15 mM solution of para-hydrogenated
PRGLPOLY-40 recorded immediately after shaking (3 atm p-H,,
CD;0D, room temperature). The signal at about 5.6 ppm is attributed
to cyclooctene, which is formed during the first step of the catalytic cycle.





Insertion of a diethylene glycol (DG) chain between the
poly(lysine) arms and the alkynyl moieties. A further improve-
ment in the observed enhancement may be obtained by increas-
ing the length of the mobile spacer between the alkynyl moiety
and the poly(lysine) chain. In order to overcome the problem that
lengthening the alkyl chain would lead to a decreased solubility
of the compound, a diethylene glycol chain has been used as
spacer (PRDGPOLY, Scheme 2d). The diethylene glycol chain
increases the flexible carbon atoms number from 3 (glutaric acid)
to 8.

The synthetic procedure used to prepare PRDGPOLY (re-
ported in Scheme 5) is quite similar to that used in the
PRGLPOLY case. The starting material is a COOH terminated
DG, which has been converted to the chloride by using SOCI,.
The chloride has then been reacted with an equimolar quantity
of propargylamine at low temperature, and successively with
water to yield the monopropargylamide (PRAM-DG-COOH).
This intermediate was purified before proceeding with the
following steps. PRAM-DG-COOH has then been converted
to the reactive NHS ester by using DCC as activating agent
for the formation of the peptide bond, and this ester has
been reacted with poly(lysine) at room temperature in the
opportune stoichiometric ratio to yield PRDGPOLY (40%
substitution). Deuteration has been achieved by dissolution
in D,O.

para-Hydrogenation of this substrate yields the 'H spectrum
shown in Fig. 3 (see Scheme 1 for the assignment): the pattern

1 HOOC\/OV\O/\/ O\/COOH SOClp

NH2
=

- HC1

Dy0

- HC1

2) PRAM-DG-COC1

DCU

3) PRAM-DG-COOH + P S
0 N0 DCC
OH

is the same as observed for the PRGLPOLY case, but the
signal intensity is about twice that observed in the previous
case. Furthermore, the polarization decay takes about 1 min
to complete, while in the PRGLPOLY case no polarized
signal could be observed already 20 s after introducing the
NMR tube into the magnet. Also, the 7, results are en-
couraging: hydrogenated PRDGPOLY olefinic protons show
relaxation times of 10 s for both H, and H, (Table 1), ie
just about the 50% of those measured for the parent deuterated
propargylamine.

(Hb)

(Ha)

6.0 5.8 56 5.4 52 ppm

Fig.3 'HNMR spectrum of a 0.15 mM solution of para-hydrogenated
PRDGPOLY-40 recorded immediately after shaking (3 atm p-H,,

CD;0D, room temperature). The signal at about 5.6 ppm is attributed
to cyclooctene, which is formed during the first step of the catalytic cycle.
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Discussion

Poly(lysine) provides a suitable backbone for the synthesis of
multimeric derivatives containing many alkynyl moieties ready
for the reaction with para-hydrogen. It is available (or it can be
synthesized) to any polymerization degree and the conjugation
reaction can be controlled in order to prepare systems endowed
with the required solubility. In this study it has been found
that the complete saturation of all the g-amino groups of the
poly(lysine) leads to derivatives that are insoluble in the solvent
(methanol) used for the hydrogenation reactions. Therefore
systems still containing 60% of non-conjugated g-amino groups
have been synthesized as they show enough solubility for the
hydrogenation step.

The hydrogenation process occurs first through the dissocia-
tion of the H, molecule at the Rh centre, followed by the transfer
of the two hydrogen atoms to the unsaturated carbons of the
substrate. This implies that the catalyst molecules must find
enough space to coordinate simultaneously as many as possible
unsaturated moieties of the multimeric substrate. The catalyst
[Rh(COD)(dppb)][BF,] has noticeable steric requirements and
therefore the length of the spacer between the unsaturated moi-
ety and the peptidic backbone becomes a primary requirement
for the hydrogenation step. Upon comparing the four multimeric
products (Scheme 2), clearly only PRDGPOLY appears to pro-
vide sufficient space for the action of the catalyst. In methanol we
expect that the poly(lysine) backbone has no definite structure
and the substituents point in different directions to minimize any
possible interaction; thus, in this respect, poly(lysine) represents
a good substrate for the preparation of these kinds of multimers.

For the envisaged MRI applications, the polarization of
the hydrogen pair has to be transformed into enhanced *C
magnetization of a neighbouring carbon nucleus.'? For pursuing
a good polarization/magnetization coupling it is necessary
that the multimeric species maintain, as much as possible,
the relaxation properties of the small molecules that have
been used for conjugation. In fact, in order to pursue the
optimization of the hyperpolarization process it is also necessary
to deal with a sufficiently long 7', for the olefinic protons
arising from the addition of the para-H, molecule. The slow
relaxation of the proton resonances is of major importance for
the maintenance of the spin-order in the two-proton system prior
the application of the field-cycling process, which is responsible
for the magnetization transfer to the *C nuclei.'

Large macromolecules induce low relaxation times of their
protons as a consequence of their longer reorientational times.
Herein, we foresee that the introduction of long flexible spacers
between the poly(lysine) backbone and the unsaturated moieties
yields beneficial effects for the maintenance of long 7', for
the olefinic protons. Indeed, the 7', of the olefinic protons
increases as the length and flexibility of the spacer increases.
For PRDGPOLY-40 (MW = 2840 Da) T, is 10 s, that is only
about half of the value found for the monomeric product of the
hydrogenation of the propargylamine.

Conclusions

The new functionalized poly(lysine) derivatives here reported
represent potential candidates for the development of new
contrast agents in MRI angiography based on the principle
of hyperpolarization generated by para-hydrogen. We have
shown that para-hydrogenated moieties in specifically designed
macromolecular systems may maintain long relaxation times,
which is the primary requisite for pursuing hyperpolarized *C
molecules via transfer of the polarization order of the para-
hydrogen system. Furthermore, the insertion of DG spacers
between the macromolecule backbone and the unsaturated
moieties allows the attainment of high hydrogenation rates by
releasing steric hindrance and favouring the interaction with the
hydrogenation catalyst.
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Work is still needed in order to improve the solubility prop-
erties of these macromolecular systems. This may be attained
by introducing hydrophilic substrates on the residual primary
amino groups. We think that such derivatization could also be
beneficial as far as long 7', have to be maintained in blood serum.
In fact optimal systems are those lacking any binding interaction
with serum macromolecules or cell membrane surfaces.

Although more work has still to be done in order to
identify suitable candidates for further development, the herein
reported results support the view that the use of macromolecular
systems containing several para-hydrogenated moieties suitable
for MRI applications might be a possible target in the field of
hyperpolarized contrast agents.

Experimental
NMR measurements

NMR spectra were recorded on a JEOL EX-400 instrument,
operating at 399.75 MHz and 100.00 MHz for proton and “C
respectively. 45° pulses were used for both nuclei; for *C spectra,
experiments were carried out in the absence of NOE, with a
relaxation delay of 12 s in order to obtain good integration ratios.
Ts were measured by the inversion recovery pulse sequence.'
Hydrogenation experiments were carried out as follows: 5 mg
of catalyst and the correct quantity of substrate (7.0 umol of
triple bonds, i.e. 28.0 umol of phenylethylpropiolate and propar-
gylamine, 7.0 umol of PAPOLY, PRGLPOLY and PRDGPOLY)
were dissolved in 0.5 ml of CD;0D, directly inside the 5 mm
NMR tube, equipped with a vacuum valve. The tube was
connected to a vacuum line, air was removed by a freeze-
pumping process, and then H, (or para-H,) was introduced on
the frozen sample (the final pressure as the sample was heated
to room temperature was about 3 atm). The sample was heated
to room temperature near the magnet, shaken and introduced
into the spectrometer. In para-H, experiments, 1 scan spectra
were immediately recorded after loading the sample (about 20 s
after shaking). In hydrogenation experiments 'H spectra were
recorded every ten minutes until no changes were detected in the
spectra. T, measurements were made on samples after complete
hydrogenation and/or relaxation of para-H, effects.

Materials and preparative methods

All preparations and manipulations were carried out under Ar
atmosphere. Distilled and de-oxygenated solvents were used.
Acetonitrile was distilled from P,Os, dichloromethane and
methanol from CaH,, diethyl ether from sodium benzophenone.
[Rh(COD)(dppb)][BF,] and all chemicals were purchased from
Sigma-Aldrich. H, gas was obtained from a CLAIND gener-
ator, model HG300. para-Enriched hydrogen (about 50%) was
prepared by storing H, over Fe,O; at 77 K for 3-4 h.

Synthesis of PhPOLY-100. 100 mg of poly-L-lysine hydro-
bromide (ca. 0.04 mmol) were dissolved in 2 ml of water and
5.6 ml of NaOH 0.1 M were added in order to neutralize HBr
(final pH: ca. 10). Water was then removed, and the residue was
dissolved in about 3 ml of a mixture water-methanol 2 : 1, under
Ar atmosphere. 76 pl of phenylethylpropiolate (0.5 mmol) were
added dropwise to the solution. The mixture was then stirred
at room temperature for about 40 h: a white precipitate was
formed, that was filtered, washed two times with small quantities
of methanol, and dried under vacuum. Yield 90%. 6.(400 MHz,
DMSO-d¢): 171.58 (1C), 152.25 (1C); 132.09 (2C), 130.17 (1C),
128.96 (2C), 120.01 (1C); 84.20 (1C), 82.92 (1C); 54.28 (1C, d),
ca. 40 (1C), 31.67 (1C), 28.56 (1C), 22.88 (1C, t). The evaluation
of the percentage of substituted arms (for both PhPOLY-100 and
PhPOLY-40) was achieved by integration of the *C NMR signal
attributed to the amidic groups formed on the arms (152.25 ppm)
with respect to the signal attributed to the chain’s peptidic





carbonyls (171.58 ppm; the integration ratio is about 1 : 1 in
PhPOLY-100).

Synthesis of PAPOLY-40. The procedure is the same as for
PhPOLY-100, but the quantity of ethylphenylpropiolate to be
used is only 38 pl (0.25 mmol). In this case, the product is
partially soluble in the reaction solvent; therefore, at the end
of the reaction, it is necessary to evaporate the solvent, and
then to wash repeatedly the residue with small quantities of
water to eliminate NaBr. PhPOLY-40 is soluble also in water at
pH = 6.7, and partially soluble at pH = 11. Yield = 85%. dc
(400 MHz, CD,;0D): 178.3 (1C), 174 (1C), 155.9 (0.4C); 133.78
(0.8C), 130.45(0.4C), 130.09 (0.8C), 121.84 (0.4C); 86.08 (0.4C),
84.25 (0.4C); 55.5 (1C), 49.3 (broad, 1C), 41.1 (broad,1C), 31.7
(broad,1C), 24.36 (broad,1C).

Synthesis of PRGL-ac. 2.33 g of glutaric anydride
(21.56 mmol) were dissolved in 100 ml of dichloromethane,
1.4 ml of propargylamine (20.4 mmol) were added, and the
mixture was refluxed for 1 h. The solvent was removed in
vacuum. The residue was loaded on an XAD 1180 chromato-
graphic column (height 40 cm), and washed with 100 ml of
water. The pure product was collected by elution with 50 ml
of methanol. Another fraction was collected immediately after
that, containing just impurities. The chromatographic curve was
obtained by measuring the UV absorbance of the fractions (215,
254 nm). Yield 81%. d. (400 MHz, D,0): 177.23 (1C), 175.01
(1C); 79.63 (1C), 71.88 (1C); 34.54 1(1C), 32.90 (1C), 28.69 (1C),
20.54 (1C). oy (400 MHz, D,0): 2.50 (1H, t, J = 2.4 Hz); 3.84
(2H, d, J = 2.4 Hz); 2.29 (2H, t), 2.20 (2H, t), 1.77 (2H, t).

Synthesis of PRGLPOLY-100. 100 mg of PRGL-ac
(0.59 mmol), 110 mg of N-hydroxysuccinimide (NHS,
0.96 mmol) and 220 mg of dicyclohexylcarbodiimide (DCC,
1.07 mmol) were dissolved in about 25 ml of acetonitrile. The
mixture was heated to 65 °C and stirred at this temperature
for 6 h. After this period, the mixture was left to cool to
room temperature and the solvent was evaporated in vacuum.
The residue was then redissolved in a few ml of anhydrous
dichloromethane and filtered upon celite. The solution was dried
again, yielding a slightly yellow solid residue of reactive ester.
This was dissolved again in 10 ml of acetonitrile, and added to
about 20 ml of acetonitrile solution of poly(lysine) (obtained
by neutralizing the commercial poly(lysine) hydrobromide with
tetrabutylammonium hydroxide in water up to pH = 11). The
mixture was stirred at room temperature for 48 h: during this
period a white precipitate of PRGLPOLY-100 is formed. The
solid was isolated, washed once with acetonitrile and once with
a few ml of water, and then dried in vacuum. It is soluble in
DMSO. Yield 60%. d- (400 MHz, DMSO-d¢): 171.77 (3C);
81.40 (1C), 72.83 (1C); 52.60 (broad, 1C); 38.52 (broad, 1C),
34.97 (1C), 34.60 (1C), 31.70 (broad,1C), 28.96 (broad,1C),
27.88 (1C), 23.01 (broad,1C), 21.49 (1C). The evaluation of
the percentage of substituted arms (for both PRGLPOLY-100
and PRGLPOLY-40) was achieved by integration of the *C
NMR signal attributed to the chain CH groups (52.60 ppm)
with respect to the signal attributed to the triple bond carbon
atom (81.40 ppm), in the absence of NOE (the integration ratio
is about 1 : 1 in PRGLPOLY-100).

Synthesis of PRGLPOLY-40. The procedure is the same
described for PRGLPOLY-100, but the following quantities were
used: 37 mg of monopropargylamide of glutaric acid, 41 mg of
NHS, 82 mg of DCC in about 12 ml of acetonitrile. In this
case, the product is water-soluble, therefore for the purification
a de-salting process was carried out, eluting the product on
a Sephadex G10 column with water. Yield 55%.0. 400 MHz,
D,0): 175.53 (0.8C), 173.84 (1C, broad); 79.26 (0.4C), 71.69
(04C, t, Jop = 70 Hz); 53.72 (1C, broad); 39.54 (1C, broad),
34.97(0.4C), 34.71 (0.4C), 30.69 (1C, broad), 28.80 (0.4C), 28.00

(1C, broad), 22.31 (1C, broad), 21.76 (0.4C). The H/D exchange
of the acidic acetylene H atom occurs in a few min when
PRGLPOLY-40 is dissolved in D,O at room temperature, and is
maintained in further manipulations (lyophilization and further
dissolution for hydrogenation).

Synthesis of PRAM-DG-COOH. 2.53 g of DG-COOH
(PM = 220, 11.5 mmol) were introduced into a three-necked
recipient, connected to a gas inlet and a bubbler. Ar was
introduced, then about 10 ml of SOCI, were dropped slowly,
while mixing. The mixture was mixed at room temperature
until no gas was detected in the bubbler, then it was connected
to a vacuum pump, and the excess of SOCIl, was removed at
room temperature. The residue was dissolved in about 40 ml of
dichloromethane under Ar atmosphere, 5.0 g of K,CO; were
added, and the suspension was cooled to 273 K. 40 ml of a
dichloromethane solution of propargylamine (0.604 ml, 9.43
mmol) were then added in about 1 h, while vigorously stirring
the suspension. Stirring was carried on for 1 h after the end of
the addition. About 0.20 ml of water (11.1 mmol) were added
at room temperature, and the mixture was stirred for 1 h. The
suspension was filtered and PRAM-DG-COOH was extracted
by addition of about 40 ml of water to the solution. The aqueous
phase was washed twice with 40 ml of dichloromethane and
brought to pH 4.5 by adding HCI. The product was purified by
reverse phase column chromatography, gradient elution water —
water—acetonitrile 5% (R; = 033). Yield ca. 20%. . (400 MHz,
D,0): 174.08 (1C, pH dependent); 172.20 (1C); 79.61 (1C), 70.55
(1C, Jey = 250.6 Hz); 70.08 (1C), 69.98 (1C), 69.86 (1C), 69.69
(1C), 69.65 (1C), 69.53 (1C); 28.48 (1C). oy (400 MHz, D,0):
4.13 (2H), 4.05 (2H), 3.98 (2H), ca. 3.7 (8H); 2.65.

Synthesis of PRDGPOLY-40. 67 mgof PRAM-DG-COOH
(0.27 mmol), 57 mg of N-hydroxysuccinimide (NHS, 0.50 mmol)
and 98 mg of dicyclohexylcarbodiimide (DCC, 0.47 mmol) were
dissolved in about 20 ml of distilled acetonitrile. The mixture was
heated to 70 °C and stirred at this temperature for 24 h. After
this period, the mixture was left to cool to room temperature
and filtered. The solution was then added to about 20 ml of an
acetonitrile solution of poly(lysine) (obtained by neutralizing
100 mg of commercial poly(lysine) hydrobromide (0.04 mmol)
with tetrabutylammonium hydroxide in water up to pH = 11).
The mixture was stirred at room temperature for 3 d: during
this period a white precipitate of PRDGPOLY-40 is formed.
The solid was isolated and washed once with acetonitrile, and
then dried in vacuum. The product was purified by means of
a de-salting process, eluting it on a Sephadex G10 column
with water. The H/D exchange of the acidic acetylene H atom
occurs in a few min when PRDGPOLY-40 is dissolved in D,O at
room temperature, and is maintained in further manipulations
(lyophilization and further dissolution for hydrogenation). Yield
50%. dc (400 MHz, D,0): 173.68 (1C, broad), 172.62; 78.31
04 C, t, Jop = 10 Hz), 72.23 (0.4 C, d, Jop = 70 Hz); 70.00
0.4 C, 1), 69.5 (2 C); 53.62 (1C, broad); 39.21 (1.4C, broad),
30.65 (1C, broad), 26.88 (1C, broad), 22.05 (1C, broad). The
evaluation of the percentage of substituted arms was achieved
by integration of the *C NMR signal attributed to the chain CH
groups (53.62 ppm) with respect to the signal attributed to the
triple bond carbon atom (78.31 ppm), in the absence of NOE.
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A series of palmarumycin prodrugs and water-soluble
analogs has been synthesized and assayed for inhibition
of the thioredoxin-thioredoxin reductase system. Increased
aqueous solubility led to an improved in vivo activity profile.

Regulation of the thioredoxin-thioredoxin reductase (Trx-1-
TrxR) system is attracting increasing interest due to its im-
plication in cancer, HIV-AIDS and rheumatoid arthritis along
with other medical conditions."* Compounds such as auranofin
(1),> palmarumycin CP; (2),** BCNU (3),* and AW464 (4,
NSC 706704)" have been shown to inhibit either thioredoxin,
thioredoxin reductase, or both (Fig. 1). We have previously
reported that the naphthoquinone spiroketal pharmacophore of
the palmarumycin family of fungal metabolites holds promising
biological activity against the Trx-1-TrxR system, and we have
proceeded to investigate various analogues. These compounds
were tested against two human breast cancer cell lines and
several members displayed potent effects in inhibiting cell
proliferation.** A second generation series of palmarumycin
CP, analogues showed increased in vitro activity,*® but failed
to reduce tumor growth in vivo. We attributed the lack of
correlation between enzyme and animal assays to the low water
solubility and limited bioavailability of our natural product lead
structure. This prompted us to investigate the synthesis of more
polar prodrug molecules, with hopes of attaining both improved
solubility and significant antitumor activity.
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S
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Fig. 1 Structures of Trx—TrxR inhibitors.

Typical solubilizing functions in prodrug derivatives include
phosphonate or phosphate esters,' amino acid esters,'! phenolic
acetates,'> and various other acyl groups.® In order to potentially
increase the in vivo activity of the promising but very hydropho-
bic naphthoquinone spiroketal scaffolds 5, and, particularly, 6,
we decided to use the phenolic groups to introduce charged,
hydrolytically cleavable functions. Coupling of compounds 5
and 6 with various Boc-protected amino acids proceeded in good
yield and high regioselectivity (Scheme 1)."* Only the phenolic
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Scheme 1 Preparation of glycine and valine-derived analogs.

hydroxy group distal from the carbonyl functionality in 6 was
acylated under the DCC mediated esterification conditions. This
regioselectivity can be attributed to strong hydrogen bonding
between the phenol and the carbonyl oxygen as well as the
inductive attenuation of the nucleophilicity at this site. Following
esterification, the carbamate was removed with 20% TFA in
dichloromethane to afford a series of TFA salts'>"” which were
tested for their ability to inhibit thioredoxin reductase along
with general cytotoxicity.

In addition to amino esters, the introduction of a tertiary
amine in the form of a morpholine heterocycle was likewise
investigated (Scheme 2).'® Once again, we observed selective

o
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O
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o\/\N
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14, R'= OH; 55%

Scheme 2 Preparation of morpholine-derived analogs.
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Table 1 ICs, values (uM) for TrxR and human breast cancer cell growth inhibition (SEM = standard error of the mean from 3 separate experiments)

Entry Compound TrxR inhibitory activity (£SEM) MCF-7 growth inhibition (:=SEM)
1 6 0.20 + 0.01 2.6+0.1
2 10 1.8£0.1 24+£0.1
3 11 0.62 £ 0.06 22+0.1
4 12 0.28 +0.04 3.1+£0.3
5 13 1.6 £0.1 1.2+0.3
6 14 42403 2.6 +0.6

monoetherification at the hydroxyl group distal from the
carbonyl group. Compounds 13 and 14 were also subjected
to biological evaluation.” In contrast to the cleavable acyl
functionalities in prodrugs 10-12, the ether-linked 13 and 14
do not readily release the parent compounds; however, we had
learned from our previous SAR studies**® that the naphthaline
diol substructure of 5 and 6 was mainly solvent exposed and
tolerated modifications that were primarily aimed at increasing
water-solubility and decreasing plasma protein binding.

As expected, all naphthoquinone spiroketal derivatives 10—
14 showed fundamentally equivalent low micromolar ICs,
values for MCF-7 cell growth inhibition compared to the
parent phenols 5 and 6 (Table 1).2° In vitro inhibition of the
thioredoxin—thioredoxin reductase system was more variable,
and most prodrugs did not reach the nanomolar level of activity
of 6. The TrxR ICy, values of permanently ether-linked 13
and 14 increased notably; in contrast, glycyl prodrug 12 was
approximately equipotent. Presumably, different amounts of
active drug are being released from the acyl prodrugs during the
enzyme assays by spontaneous hydrolysis. Glycyl ester 12 was
also considerably more water soluble than the parent compound
(0.7 mg mL™" vs. <0.1 mg mL~" for 6), and furthermore use
of 20% pB-cyclodextrin increased its solubility to 2 mg mL™".
The half-life for the conversion of 12 to 6 in ethanol at room
temperature was ?,,, > 5 d. In water at room temperature and
pH 4, 12 had a t,,, = 37 h, but it was rapidly broken down at
pH 7 and above (¢,,, < 1 h). The relative lability of the prodrug
at alkaline pH does not present a problem for formulation since
pH 4 media can readily be administered to patients. The chemical
stability of 12 in mouse plasma at room temperature was t,,, <
2 min, and the prodrug was indeed converted to 6 according
to HPLC analysis. Upon release from its O-acyl protective
function, 6 had a #,, of ca. 31 min in plasma. Accordingly,
glycine-derivative 12 met all the requirements that we had set
forth for further development as a lead compound in in vivo
tumor xenograft models.

Because of the promising biological profile of prodrug 12, we
were also interested in resolving the enantiomers of the parent
spirocycle 6 to test if they exhibited differential biological activ-
ities. The most direct approach would be a separation via chiral
HPLC. The low solubility that plagued the biological testing of
6 likewise hampered our efforts towards chiral separation on a
multimilligram scale. However, small quantities (ca. 1 mg) of
enantiomerically pure 6 could be obtained with a Chiralcel AD-
H column,?" and both enantiomers demonstrated comparable in
vitro activity. Since the difference in the absolute configuration
of 6 relates to the spatial orientation of the naphthaline ketal,
the lack of enantioselectivity in the biological assay supports
the hypothesis that this group is not primarily involved in any
activity-determining interactions.® Accordingly, the naphthaline
ketal represents a preferred site for chemical changes that target
the optimization of physicochemical properties.

In conclusion, water soluble and reversible prodrug deriva-
tives of potent inhibitors of the thioredoxin—thioredoxin reduc-
tase system were synthesized in a convergent fashion. The O-
glycyl naphthoquinone spiroketal 12 demonstrated equivalent
biological activity compared to the previous lead structure 6 in
the MCF-7 tumor model as well as in the thioredoxin reductase
inhibition assay. Moreover, 12 had 1-2 orders of magnitude

improved aqueous solubility and, while stable at pH 4, rapidly
released the active compound under physiological conditions.
Prodrug 12 represents an attractive chemical probe for the study
of the cellular pathways that are subject to regulation by the
Trx-TrxR complex. It is possible that 12 or related agents may
become useful leads for therapeutic intervention in diseases such
as AIDS, rheumatoid arthritis, and certain forms of cancer.

Acknowledgements

This work was supported by the National Institutes of Health
(U19CA-52995).

References

1 (a) A. Burke-Gaffney, M. E. J. Callister and H. Nakamura, Trends
Pharmacol. Sci., 2005, 26, 398; (b) C. Williams, Eur. J. Biochem.,
2000, 267, 6101.

2 K. Becker, S. Gromer, R. H. Schirmer and S. Muller, Eur. J. Biochem.,
2000, 267, 6118.

3 (a) S. Gromer, L. Arscott, J. Williams, R. Schirmer and K. Becker,
J. Biol. Chem., 1998, 273, 20096; (b) M. P. Rigobello, A. Folda, M. C.
Baldoin, G. Scutari and A. Bindoli, Free Radical Res., 2005, 39, 687.

4 P. Wipf, T. Hopkins, A. Birmingham, J.-K. Jung, S. Rodriguez, E.
Southwick, J. S. Lazo and G. Powis, Bioorg. Med. Chem. Lett., 2001,
11, 2637.

5 P. Wipf, J.-K. Jung, S. Rodriguez and J. S. Lazo, Tetrahedron, 2001,
57, 283.

6 K. Schallreuter, F. Gleason and J. Wood, Biochim. Biophys. Acta,
1990, 1054, 14.

7 (a) A. Mukherjee, A. D. Westwell, T. D. Bradshaw, M. F. G. Stevens,
J. Carmichael and S. G. Martin, Br. J. Cancer, 2005, 92, 350; (b) T. D.
Bradshaw, C. S. Matthews, J. Cookson, E.-H. Chew, M. Shah,
K. Bailey, A. Monks, E. Harris, A. D. Westwell, G. Wells, C. A.
Laughton and M. F. G. Stevens, Cancer Res., 2005, 65, 3911; (¢) J.
Berry, T. Bradshaw, 1. Fichtner, R. Ren, C. Schwalbe, G. Wells, E.-H.
Chew, M. Stevens and A. Westwell, J. Med. Chem., 2005, 48, 639.

8 P. Wipf, S. Lynch, A. Birmingham, G. Tamayo, A. Jimenez, N.
Campos and G. Powis, Org. Biomol. Chem., 2004, 2, 1651.

9 For details of biological assays, see refs. 4 and 8.

10 M. Rodrigues, V. Vasudevan, J. Jamison, P. Borromeo and W. Turner,
Bioorg. Med. Chem. Lett., 1999, 9, 1863.

11 I. Kovach, I. Pitman and T. Higuchi, J. Pharm. Sci., 1975, 64, 1070.

12 (a) J. Wagner, G. Helmut and D. Henschler, J. Pharm. Sci., 1980, 69,
1423; (b) P. Wipf and W. Li, Drugs Future, 1994, 19, 49; (c) P. Wipf, W.
Li, C. M. Adeyeye, J. M. Rusnak and J. Lazo, Bioorg. Med. Chem.,
1996, 4, 1585; (d) M. Brazil, Nat. Rev. Drug Discovery, 2003, 2, 603.

13 X. Song and T. Siahaan, Bioorg. Med. Chem. Lett., 2002, 12, 3439.

14 General procedure for coupling reactions. To a partial suspension
of spirocycle 6 (92 mg, 0.28 mmol) in CH,Cl, (6 mL) was added
N-(tert-butoxycarbonyl)glycine (58 mg, 0.33 mmol), DCC (74 mg,
0.36 mmol) and DMAP (7 mg, 0.06 mmol). The reaction mixture
was stirred at room temperature for 1 h as the starting material
gradually dissolved and a white precipitate was formed. The cloudy
solution was filtered, rinsed with CH,Cl, and concentrated under
reduced pressure. The residue was purified by chromatography on
SiO, (hexanes—EtOAc, 7 : 3) to afford 112 mg (83%) of 4'-(N-tert-
butyloxycarbonylamino)acetic acid ester 9 as a yellow solid: mp 182—
185 (dec., EtOAc-hexanes); IR 3375, 2980, 1772, 1662, 1609, 1506,
1419 cm™'; '"H NMR (300 MHz, CHCl;) 6 12.15(s, 1 H), 7.65 (t, 1 H,
J =8.0 Hz), 7.58-7.48 (m, 2 H), 7.44 (d, 1 H, J = 7.5 Hz), 7.25
(d,1H,J=84Hz),714(d,1H,J =84Hz),7.03(d, 1 H,J =
7.8 Hz), 7.01 (d, 1 H, J = 10.5 Hz), 6.95 (d, 1 H, J = 8.2 Hz), 6.37
(d, 1 H, J =10.5Hz), 5.26 (brs, 1 H), 4.34 (d,2 H, J = 5.7 Hz), 1.50
(s, 9 H); ®C NMR (75 MHz, CHCI;) ¢ 188.8, 169.5, 162.1, 156.1,
147.6, 145.4, 141.1, 139.5, 138.8, 136.8, 130.2, 128.7, 127.4, 120.0,

Org. Biomol. Chem., 2005, 3, 3880-3882

3881






119.9, 119.5, 115.8, 114.0, 113.7, 111.0, 109.6, 93.4, 80.6, 42.9, 28.6;
MS (EI) m/z (rel. intensity) 416 ((M—O—¢-Bu]*, 48), 389 (15), 332
(100); HRMS (EI) caled for Cy, H,,NO, (M—O—t-Bu) 416.0770, found
416.0776.

15 General procedure for deprotection. To a solution of glycine ester 9

(95 mg, 0.19 mmol) in CH,Cl, (4 mL) was added trifluoroacetic acid
(1 mL). The reaction mixture was stirred at room temperature for
30 min, and concentrated under reduced pressure to afford 98 mg
(100%) of 12 as a yellow solid: IR 3200, 1772, 1665, 1610, 1420,
1205 cm™'; '"H NMR (300 MHz, CD;CN) ¢ 12.09 (brs, 1 H), 7.70
(dd,1H,J=8.4,7.7Hz),7.64 (dd, | H, J = 8.6, 1.1 Hz), 7.58 (dd, 1
H,J =8.5Hz, 74 Hz),7.45(dd, 1 H,J =7.7,1.0 Hz), 7.33 (d, 1 H,
J=83Hz),7.14(dd, 1 H,J =8.4,1.0Hz),7.07 (dd, 1 H, J = 7.3,
1.0 Hz), 7.06 (d, 1 H, J = 10.5 Hz), 7.00 (d, 1 H, J = 8.3 Hz), 6.35
(d, 1 H, J = 10.5 Hz), 4.30 (s, 2 H); *C NMR (75 MHz, CD;CN)
0 189.8, 167.4, 162.7, 160.8, (q, J = 37.4 Hz), 148.5, 146.6, 141.5,
140.6, 139.7, 137.8, 130.9, 129.9, 128.0, 121.0, 120.6, 120.4, 117.1 (q,
J=287.6Hz),116.4,114.7,114.4,111.9, 110.4, 94.4, 41.8; MS (ESI)
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caled for C,H ;i NOgs (M—OCOCEF;) 390.0978, found 390.0975.
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J=17.8,1.1Hz),8.00(dd, 1 H,J=7.8,09Hz), 7.84 (td, | H, J =
7.6,1.4Hz),7.71 (td, 1 H, J = 7.6, 1.2 Hz), 7.68-7.57 (m, 2 H), 7.36
(d,1H,J=8.3Hz),7.09(dd,1H,J="7.3,1.0Hz),7.08(d, 1 H,J =
10.6 Hz), 7.02 (d, | H, J = 8.3 Hz), 6.38 (d, 1 H, J = 10.6 Hz), 4.28
(s, 2 H); MS (ESI) m/z (rel. intensity) 374 (M-OCOCEF;]*, 37), 317
(100), 299 (30); HRMS (ES]) caled for C,,H;sNOs (M-OCOCF;)
374.1028, found 374.1034.
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78 Hz), 7.79 (t, 1 H, J = 7.6 Hz), 7.69 (d, 1 H, J = 7.7 Hz), 7.64
(d,1H,J=8,5Hz),7.55(t, 1H,J =8.1 Hz), 7.33(d, | H, J = 8.2 Hz),
7.06-7.00 (m, 2 H), 6.97 (dd, 1 H, J = 8.2, 1.7 Hz), 6.33 (d, 0.5 H,
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J = 10.6 Hz), 6.31 (d, 0.5 H, J = 10.6 Hz), 444 (d, | H, J =
4.2 Hz),2.65-2.59 (m, 1 H), 1.22(d, 6 H, J = 6.9 Hz); MS (ESI) m/z
(rel. intensity) 416 (M-OCOCF;]*, 100), 307 (12), 225 (18), 199 (18);
HRMS (ESI) caled for CpsH,NO; (M-OCOCF;) 416.1498, found
416.1485.

18 General procedure for attachment of morpholine tether. To a solution

1

o

of spirocycle 6 (30 mg, 0.090 mmol) in THF (2 mL) was added
N-(2-hydroxyethyl)morpholine (11 pL, 0.090 mmol), PPh;, (26 mg,
0.10 mmol) and DIAD (20 pL, 0.10 mmol). The reaction mixture
was stirred at room temperature for 3 h then concentrated under
reduced pressure. The residue was purified by chromatography on
Si0, (EtOAc-MeOH, 19 : 1) to afford 22 mg (55%) of 14 as a yellow
solid film: "H NMR (300 MHz, CHCl;) 6 12.17 (s, 1 H), 7.90 (d,
1 H,J=28.5Hz),7.66(t, 1 H,J =8.0 Hz), 7.50-7.45 (m, 2 H), 7.14
(dd, 1 H, J =8.4,0.9 Hz), 7.04 (d, 1 H, J = 7.3 Hz), 7.00 (d, 1 H,
J=10.5Hz),6.89 (d, 1 H,J =8.3Hz), 6.80(d, 1 H, J = 8.3 Hz), 6.35
(d, 1 H, J =10.5 Hz), 4.30 (t, 2 H, J = 5.5 Hz), 3.80-3.75 (m, 4 H),
2.98 (t, 2 H, J = 5.5 Hz), 2.70-2.65 (m, 4 H, J); MS (ESI) m/z (rel.
intensity) 446 (IM + 1]*, 100), 359 (65), 331 (20), 272 (12); HRMS
(ESI) caled for C,sH,yNOg (M + H) 446.1604, found 446.1581.
Spectral data for 13: '"H NMR (300 MHz, CHCl;) ¢ 8.18 Hz (dd,
1H,J=78,12Hz),798 (d, 1 H,J =7.8 Hz), 790 (d, l H, J =
8.3 Hz), 7.77 (td, 1 H, J = 7.5, 1.3 Hz), 7.67 (td, 1 H, J = 7.5,
1.1Hz),7.48(t,1H,J=8.1Hz),7.03(d,1 H,J=7.0Hz),7.01(d, | H,
J =10.5Hz), 6.89 (d, 1 H, J = 8.3 Hz), 6.80 (d, 1 H, J = 8.3 Hz),
6.39 (d, 1 H, J = 10.5 Hz), 4.30 (t, 2 H, J = 5.6 Hz), 3.80-3.75 (m,
4 H), 297 (t, 2 H, J = 5.6 Hz), 2.70-2.65 (m, 4 H); MS (ESI) m/z
(rel. intensity) 430 ([M + 1]+, 100), 343 (12), 279 (8); HRMS (ESI)
caled for C,xsH,,NOs (M + H) 430.1654, found 430.1568.

20 ICs, values for TrxR and human breast cancer cell growth inhibition

for 5 were 0.34 uM and 2.8 uM, respectively (see ref. 8).

21 Retention times for the two enantiomers on an AD-H column in 14%

i-PrOH-hexanes were 8.27 and 10.07 min, respectively.
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Bis(1,2,3,4-tetramethylcyclopentadienyl)selane (1) has been prepared by the reaction of
tetramethylcyclopentadienyllithium (Cp'Li) with selenium bis(diethyldithiocarbamate). Treatment of Cp'Li with
elemental selenium, followed by air oxidation, led to loss of the allylic hydrogen atom, and formation of the novel
tricyclic compound 1,4,5,6,7,10,11,12-octamethyltricyclo[7.3.0.0]-2,8-diselenadodeca-3,5,9,11-tetraene (2). The
sulfur analogue of 2 has been obtained by a similar procedure. The X-ray crystal structures of compounds 1 and 2
have been determined, and the molecular geometry observed for 1 has been probed using DFT calculations.

Introduction

We have previously described the synthesis and structure of a
number of pentamethylcyclopentadienylselenium compounds.
Bis(pentamethylcyclopentadienyl)selane, Cp*,Se (Cp* = CsMes),
shows unusual reactivity towards low-valent transition metal
fragments, leading to complexes of the diselenide Cp*,Se,.!
Two routes to monocyclopentadienylselenium derivatives have
been developed: methyl(pentamethylcyclopentadienyl)selane,?
Cp*SeMe, can be prepared by the reaction of methyl io-
dide with Cp*Se,Li; treatment of diferrocenyl diselenide with
Cp*Lileads to ferrocenyl(pentamethylcyclopentadienyl)selane,®
Cp*SeFc (Fe = [Fe(n’-CsHs)(w’-CsHy))).

Steric protection is required for the stabilisation of these
compounds containing selenium bound in the allylic posi-
tion. An alternative approach is the incorporation of cy-
clopentadienyl substituents which allow the chalcogen atom
to occupy one of the preferred vinylic positions. Sladky
et al. have used this strategy to prepare a series of bis-
and tris(trimethylsilyl)cyclopentadienylselenium and -tellurium
compounds.*s The presence of an allylic hydrogen atom offers
the possibility of further functionalisation via deprotonation
of the cyclopentadienyl ring.* With this in mind, we have now
examined the chemistry of selenium in combination with the
tetramethylcyclopentadienyl group.

Results and discussion

Bis(1,2,3,4-tetramethylcyclopentadienyl)selane (1), Cp',Se
(Cp' = CsMe,H), was synthesised in the same way as Cp*,Se,
via the room temperature reaction of tetramethylcyclopen-
tadienyllithium (Cp'Li) with the convenient Se(il) precursor
Se(S,CNEt,),, as summarised in eqn (1). The product was
obtained as an orange solid after column chromatography, and
was recrystallised from diethyl ether at —10 °C. Compound 1
is air-stable for a few days, but is best stored under an inert
atmosphere in the dark at —10 °C.

Toluene

2Li(CsMegH) + Se(S,CNEL), Se(CsMegH),

RT, 18 h 1 1

NMR spectroscopic data for 1 are summarised in Table 1;
Fig. 1 explains the labels used for the assignments. The 'H NMR
spectrum of 1 contains three characteristic peaks. There are two
singlets in the methyl region of the spectrum, each of which
integrates to the equivalent of twelve hydrogens. These peaks
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Fig. 1 Labelling scheme for assignment of NMR data for 1.

are assigned to the two sets of methyl groups Me® and Me¢, with
the lower field resonance believed to correspond to Me®. The
third peak is a singlet in the aliphatic region of the spectrum
that integrates to the equivalent of two hydrogens. This peak
is assigned to the pair of protons H*. The *C NMR spectrum
contains five distinct peaks. The first two peaks appear in the
expected region for the methyl groups Me® and Me¢. The third
peak at 52.2 ppm is assigned to the more deshielded sp* carbon
atoms C'. The final two peaks occur in the expected region for
C=C double bonds and are assigned to C*> and C*. The NMR
spectra of 1 show that both Cp' ligands are bound in an n'-
fashion with the selenium in the allylic position. The chemical
shifts of the methyl groups are slightly downfield compared
to the chemical shifts observed for Cp*,S,” and Cp*,Se.! The
downfield shift for the methyl groups is also apparent in the
BC NMR spectrum. The “C chemical shifts of the carbon
atoms on the cyclopentadienyl ring behave similarly, although
the resonance for the allylic carbons in 1 is slightly upfield of
the corresponding signal for the pentamethylcyclopentadienyl
derivatives. In the 'H-coupled 77Se NMR spectrum, the selenium
resonance is observed as a triplet. This is due to coupling to
the pair of protons H* on C' in the Cp' rings. If a methyl
group was present in this position, then the coupled 7Se NMR
spectrum would give a multiplet as observed for Cp*,Se.! The
7Se chemical shift of 1 is also at slightly higher field than that
observed for Cp*,Se.

The mass spectra of 1 and Cp*,Se exhibit a similar frag-
mentation pattern as well as a molecular ion. The IR spectrum
contains a number of peaks in the usual regions for C-H, C-C
and C=C bonds, although they are not assigned unequivocally.
The lack of unexpected features in the spectrum supports the
proposed structure. The IR spectrum of 1 is similar to that
observed for Cp*,Se.! The broad band apparent at 1636 cm™!

This journal is © The Royal Society of Chemistry 2005





Table 1 NMR spectroscopic data for compounds in CDCI; solution

Assignment® 1 (6/ppm) Assignment® 2 (6/ppm) 3 (0/ppm)
'H H° 3.29 (s) Me! 1.73 1.32
Me® 1.87 (s) Me* 1.78 1.37
Me¢ 1.68 (s) Me® 2.00 1.50
Me* 2.18 1.75
BC c,c 135.7 Me? 10.6 9.1
135.5 Me* 11.2 10.0
C! 52.2 Me® 13.7 11.1
Me® 12.6 Me* 22.3 23.9
Me* 11.4 C’ 60.3 60.3
c 132.4 134.5
c? 134.8 137.9
(o3 143.5 140.1
C! 144.8 142.9
Se 292 (t,*Js.u = 19.2 Hz) 377 —

“ For key to assignments see Fig. 1. * For key to assignments see Fig. 3.

Table 2 Mass, infrared and UV/vis spectroscopic data

1 2 3
Mass spectra: m/z (relative abundance)”
M+ 322 (20%) M+ 400 (38%) 304 (7%)
Cp',* 242 (24%) M* — E 320 (25%) 272 (56%)
Cp'Se* 201 (47%) (CsMe,),* 240 (100%) 240 (66%)
Cp* 121 (100%)  Cs;Me,E* 200 (45%) 152 (33%)
CsMe,* 120 (86%) 120 (100%)
Infrared spectra:® v/cm™'
2964 (s) 2923 (s) Not recorded
2929 (s) 2851 (s)
1636 (br) 1636 (m)
1479 (m) 1437 (m)
1416 (m) 1361 (m)
1264 (m) 1322 (m)
1207 (m) 1271 (m)
986 (m) 1064 (m)
911 (m) 1010 (m)
838 (w)

UV /vis spectra:® A,,,/nm (¢/dm? mol~! cm™")
270 (900) 290 (3700)
235 (1200) 205 (15700)

Not recorded

“Recorded using FAB; figures are for isotopomers containing *'Se.
® Recorded as KBr disks; selected bands only; s = strong, m = medium,
w = weak, br = broad. ¢ Recorded in hexane solution, concentration
5 x 107* mol dm~3.

(¢f. Cp*,Se: 1658 cm™') is possibly two unresolved peaks
corresponding to the carbon-carbon double bond stretching
frequencies. For the parent diene (Cp'H) these frequencies have
been estimated at 1613 (symmetric) and 1658 cm™! (asymmetric)
by Mironov and co-workers,® and more recently values of 1624
and 1656 cm™' have been reported.® The UV/vis spectrum
of 1 is slightly different from that recorded for Cp*,Se. Both
compounds have two main absorption bands in the near-UV,
but in Cp*,Se (Amex = 210 nm, & = 1800 dm® mol™" cm™'; A«
= 300 nm, ¢ = 300 dm® mol™' cm™) these are more widely
separated and the difference in their intensities is greater. The
band at 235 nm is at a higher wavelength than the corresponding
absorption in both Cp*,Se and the parent hydrocarbon (Cp'H
Amax = 205 nm), but still lies in the expected region for a diene-
containing system, and supports the presence of the distinct
double bonds in the structure of 1.

An X-ray diffraction study provided further structural
information. Two different views of the symmetry-independent
molecule are shown in Fig. 2. Selected bond lengths and angles
are listed in Table 3. The crystal structure confirms that the Cp*

Fig. 2 (a) A view of the structure of a molecule of 1, with atomic
labelling. Here and in the following figures, 30% probability thermal
ellipsoids are shown and hydrogen atoms are represented as spheres of
arbitrary radii; (b) alternative view of the molecule of 1.

Table 3 Selected bond lengths (A) and angles (°) in the structure of 1

Se-C(1) 1.974(3) Se-C(10) 1.986(3)
C(1)-C(2) 1.492(5) C(10)-C(11) 1.492(4)
C(2)-C(3) 1.335(5) C(11)-C(12) 1.337(5)
C(3)-C(4) 1.473(5) C(12)-C(13) 1.467(4)
C(4)-C(5) 1.339(5) C(13)-C(14) 1.335(5)
C(5)-C(1) 1.501(4) C(14)-C(10) 1.488(5)
C(1)-Se-C(10) 99.7(1) Se-C(10)-C(11) 112.0(5)
Se-C(1)-C(2) 110.4(4) Se-C(10)-C(14) 111.1(5)
Se-C(1)-C(5) 114.4(5) C(11)-C(10)-C(14)  104.3(2)
C(2)-C(1)-C(5) 103.8(2)
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ligands are bound to the selenium atom by a single bond
in the allylic position. The average carbon-selenium bond
length of 1.98 A is greater than the sum of the covalent radii
(1.93 A), and slightly shorter than that seen in Cp*,Se (2.00 A).*
The value of the C(10)-Se-C(11) angle (99.7(1)°) is considerably
smaller than its equivalent in Cp*,Se (109.6(2)°),'* and resembles
that in (C;Bu',H;)SePh (100.3(3)°)* and Cp*SeFc (101.8(4)°),
where the two allylic methyl groups are also absent.

Perhaps the most interesting difference between the crystal
structures of 1 and Cp*,Se is the arrangement of the cyclopen-
tadienyl ligands in space. In 1 the Cp' ligands are in an almost
perpendicular arrangement with the single hydrogen atom of
one ring over the other ring. In Cp*,Se the Cp* ligands are
in a coplanar arrangement; the sulfur derivative Cp*,S also
has coplanar Cp* ligands.” However, to describe Cp*,S and
Cp*,Se as ‘slipped metallocenes’ is inappropriate as it implies
a much greater ring—chalcogen interaction than the observed
carbon—chalcogen o-bond. The different arrangements found
for 1 and Cp*,Se may be due to a subtle balance of factors like
intramolecular attractive and repulsive interactions, local geom-
etry modifications caused by substitution of a methyl group for
a hydrogen and effects of packing forces in the solid. In order to
gain some insight on these aspects, DFT geometry optimisations
were performed on three model geometries, both for the Cp',Se
and the Cp*,Se systems. These were the ‘perpendicular’ and
‘coplanar’ arrangements mentioned above and, in addition, a
third ‘open’ arrangement in which the two rings lay as far apart
as possible from each other. For Cp',Se, the lowest energy geom-
etry was found to be that of the perpendicular arrangement, in
agreement with the results of the solid-state study, with a 101.9°
C-Se-C angle (cf. the 99.7(1)° experimental value). The angle
between the ring planes was 79.6° (experimental 84.2°). The
coplanar arrangement for Cp',Se lay 4.16 kcal mol™" in energy
above the former, whereas the ‘open’ arrangement was calculated
to be only 0.18 kcal mol™' less stable than the perpendicular
one. The choice between open and perpendicular arrangements
might be determined by packing forces. For the Cp*,Se system,
the coplanar arrangement was found to be the most stable one,
again in agreement with experiment, with a 112.1° C-Se-C
angle, ¢f. the experimental 109.6(2)°; the computed dihedral
angle between the ring planes was 10.5° (experimental 6.8°).
The perpendicular and the open arrangements for Cp*,Se
were respectively 0.48 and 3.58 kcal mol™' in energy above
the coplanar arrangement. These results suggest that the in-
tramolecular interactions, effective for the gas phase models, are
also determinant for the geometries in solid-state conditions. As
for the different conformational preferences of the two systems,
it should not be ignored that the presence of the fifth methyl
group on the rings in Cp*,Se introduces local changes, e.g
causing a ca. 3° decrease in the values of the Se-C-C angles
and a corresponding decrease in the dihedral angle between
the ring planes, with respect to Cp',Se in the coplanar setting.
The possibility to achieve a better coplanarity for Cp*,Se might
enhance the effect of attractive interactions between the rings.

Previous work in our laboratory' has shown that treatment
of the pentamethylcyclopentadienylselenolate anion with wa-
ter, followed by an aerobic work-up, gives a mixture of the
polyselenides Cp*Se,Cp* where n = 2, 3, 4. The oxidation
of the tetramethylcyclopentadienyl analogue, Cp'Se.Li, was
examined to determine if a polyselenide mixture is also formed
in this case. The Cp'Se, Li intermediate was generated in situ by
the addition of three molar equivalents of elemental selenium
to Cp'Li to give a darkly coloured solution in THF. The
mixture was then exposed to air and stirred at room tem-
perature for 18 hours. The overall synthesis is outlined in
eqn (2). The orange crystalline product after chromatography
was found not to be a mixture of polyselenides, but the
novel compound 1,4,5,6,7,10,11,12-octamethyltricyclo[7.3.0.0]-
2,8-diselenadodeca-3,5,9,11-tetraene (2). This is thermally stable
and can be stored at ambient temperature in air.
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, THF
Li(CsMe4H) + E (3equiv) ————
RT,3h
LiE(CaMegH) —THE B (CaMey),
RT, 18 h
2:E =Se
3E=S ©)

NMR spectroscopic data for 2 are summarised in Table 1;
Fig. 3 explains the labels used for the assignments. The '"H NMR
spectrum of 2 contains four singlets in the methyl region, each
of which integrates to the equivalent of six protons. These were
assigned to the four non-equivalent pairs of methyl groups Me*.
Based on published data for related compounds,'? the higher
field resonance is believed to correspond to Me®. The lack of a
peak in the 2.5-4.0 ppm region confirmed the loss of the single
proton from the starting Cp' ligand. The *C NMR spectrum also
contained four peaks in the methyl region, which were assigned
to the methyl groups Me*¢. The single peak at 60.3 ppm is in the
expected region for a deshielded sp? carbon atom and is assigned
to C°. The final four peaks are in the expected region for C=C
double bonds and are assigned to the carbon atoms C'*. The 'H
and C NMR spectra show that the four methyl groups on each
cyclopentadienyl ring are non-equivalent, and that the molecule
has two-fold symmetry. These data imply that only the meso-
stereoisomer is present in solution. The assignments are based
on data from related compounds, but alternatives are possible.
The 77Se NMR spectrum shows a single peak at 377 ppm, which
indicates that the two selenium atoms are equivalent. The NMR
data for 2 correlate well with those for the all-carbon analogue
(CsMe,),C, synthesised by Jutzi and co-workers.”> The "H and
BC chemical shifts for the vinylic methyl groups are slightly more
downfield for the selenium derivative, although the chemical
shifts for the sp? carbon atoms are similar in both compounds.
The most obvious difference between them relates to the 'H
resonance of the allylic methyl group Me¢, which is shifted 1 ppm
downfield by the presence of the adjacent selenium atom.

Me Me®
2.E=Se; 3:E=S

Fig. 3 Labelling scheme for assignment of NMR data for 2 and 3.

As for 1, the IR spectrum contains a number of peaks in the
usual regions for C-H, C-C and C=C bonds, and the UV/vis
spectrum has two major absorption bands below 300 nm.

The X-ray structure of the centrosymmetric molecule in 2 is
shown in Fig. 4. It confirms the stereochemistry inferred from
the NMR data and shows some similarities to the all-carbon

Fig.4 A view of the molecular structure of 2. Primed atoms are related
to the corresponding unprimed ones by an inversion centre (i.e. at
equivalent position —x, —y, —z).





Table 4 Selected bond lengths (A) and angles (°) in the structure of 2

Se-C(1) 2.010(5) C(3)-C4) 1.482(7)
Se-C(5)" 1.894(5) C(4)-C(5) 1.335(7)
C(1)-C(2) 1.510(6) C(5)-C(1) 1.496(6)
C(2)-C(3) 1.324(7)

C(1)-Se-C(5)" 97.0(2) C(3)-C(4)-C(5) 107.9(4)
Se-C(1)-C(5) 108.0(3) C(4)-C(5)-C(1) 110.3(4)
C(1)-C(5)-Se* 122.3(3) C(2)-C(1)-C(6) 114.5(5)
C(5)-C(1)-C(2) 102.6(4) C(5)-C(1)-C(6) 115.0(5)
C(1)-C(2)-C(3) 109.0(4) Se-C(1)-C(6) 109.9(4)
C(2)-C(3)-C(4) 110.0(4)

“ Symmetry operation: —x, —y, —z..

analogue. The central six-membered ring has a ‘chair’ con-
formation. The planes of the two cyclopentadienyl rings are
parallel, and form an angle of 59.9° with the plane formed by
the centrosymmetric pairs of Se and C(1) atoms. The lengths
of the carbon-selenium bonds show the effect of the selenium
being bound to different types of carbon atoms (see Table 4).
The longer distance of 2.010(5) A is for the selenium bound to an
sp® carbon, and is in the expected region for this type of bond (cf.
1.98 A in 1). The shorter distance of 1.894(5) A is for the selenium
bound to an sp? carbon atom. The bond lengths for 2 also show
the presence of two distinct double bonds in the cyclopentadienyl
rings. The methyl groups bound to the sp® carbons (Me**¢) are
only slightly out of the planes of the cyclopentadienyl rings, as
is also observed in the crystal structure of 1. The methyl groups
on the sp® carbons (Me?) are pointing out of the planes at an
angle of 39.8° with the normal to the respective plane.

The mechanism of the formation of 2 is unclear, but it is
reasonable to assume that the last step involves the dimerisation
of tetramethylcyclopentadieneselenoketone. The dimerisation
of a selenoketone to give a heterocyclic compound under similar
circumstances is known in the literature.”® Back and co-workers
have reported that the addition of methyl iodide to a solution
of the camphorselenolate anion gives the 1,3-diselenatane: they
propose that the formation of the diselenatane occurs via the
dimerisation of the selenoketone intermediate. In the prepara-
tion of 2, the route from the selenolate to the selenoketone is
not fully understood, but may involve the oxidatively induced
elimination of LiSeH. The proposed mechanism is outlined in
Scheme 1.

The formation of 2 does not occur if the selenolate anion
is stirred in THF for 14 days under a dinitrogen atmosphere.
The "H NMR spectrum of the mixture after this time clearly
shows a resonance for the proton on the sp® ring carbon and
some proton-selenium coupling is visible. The 2J, s value is
approximately 19 Hz, which is similar to that observed for 1. The
resonance of the proton on the sp® ring carbon is at much higher
field than in 1, and its chemical shift is closer to that observed

A
&

BuLl

(i) excess Se

for tetramethylcyclopentadiene. This also confirms that 1 is not
present in the mixture.

The amount of selenium added when the selenolate is
generated alters the overall yield of 2. When a 3 : 1 ratio of
selenium to Cp'Li was used, 2 was isolated in about 20% yield.
If a 1: 1 ratio was used, then 2 was isolated in less than 1%
yield. This observation supports the proposed mechanism which
requires the presence of at least two equivalents of selenium.

But
_()BU'OK 1h Bu'OK, 1 h
(i) 3Se 12h

Bu t
Bul But But Bu
Se Se
iy | — @(}
Se Se
But Bu! Bu! ut (3)

Thaler and co-workers have recently reported a similar
compound to 2." The reaction of di-zers-butylcyclopentadiene
with excess potassium fert-butoxide in the presence of elemental
selenium gives a cyclopentadienyl system with three bridging
selenium atoms (a 1,4-diselenine). The overall synthesis is
outlined in eqn (3). In this reaction, the compound analogous
to 2 (which these authors call a 1,4-diselenane) is only proposed
as an intermediate and is not isolated from the final mixture.
Thaler and co-workers suggest that deprotonation of the 1,4-
diselenane followed by selenium insertion occurs to give the
observed product. Of course, this process is not possible in the
case of 2 due to complete alkylation of the ring. The C(sp*)-Se
bond lengths are very similar for the 1,4-diselenine and 2 in their
crystal structures. The 1,4-diselenine has an average bond length
of 1.888 A, compared to 1.894 A observed for 2. The C(sp*)-Se
bond length in 2 is, however, much longer at 2.010 A, compared
to 1.985 A in the 1,4-diselenine. Another interesting feature of
the 1,4-diselenine is the fact that the central ring has a much
smaller C-Se-C bond angle of 89.6° than that observed for 2
(97.0°).

We have also prepared the sulfur analogue of 2 by
a similar method. This compound is 1,4,5,6,7,10,11,12-
octamethyltricyclo[7.3.0.0]-2,8-dithiadodeca-3,5,9,11-tetracne
(3, see Fig. 3). The thiolate intermediate was generated in
situ; the solution was then exposed to air and stirred at room
temperature for 18 hours (see eqn (2)). After purification by
column chromatography, 3 was isolated as a yellow oil.

The reaction was also attempted at —78 °C. The lithiation
and addition of the sulfur powder were carried out at low
temperature, before the oxidation at room temperature. How-
ever, the product in this case could not be identified. It is
thought that under these conditions the formation of the Cp'S, Li
intermediate occurs only very slowly.

- LiSeH

H )
(o L
Se Se—Li

s

Scheme 1
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The "H NMR spectrum of 3 has a similar pattern to that seen
for 2 (see Table 1). The spectrum contains four singlets for the
methyl groups and they are at slightly higher field than for 2. An
analogous structure to that of 2 is expected, as there is no peak
for the single proton on the Cp' ring. The ®C NMR spectrum
also resembles that observed for 2. The four methyl peaks are
mostly at higher field than for 2, although Me* has a greater
chemical shift in 3. The peak for the sp® carbon C’ is in the
expected region, and there are four peaks in the normal region
for C=C double bonds. The chemical shifts of the ring carbon
atoms are similar in 2 and 3. The mass spectrum of 3 also shows
a similar pattern to that observed for 2, with the molecular
ion observed together with fragment ions corresponding to
sequential loss of chalcogen atoms.

Recently, Thaler and co-workers have reported the sulfur ana-
logue of the 1,4-diselenine in eqn (3)."* As with the 1,4-diselenine,
a compound similar to 3 is proposed as an intermediate. The
suggested mechanism involves successive deprotonation of the
cyclopentadienyl ring and insertion of a sulfur atom.

It is clear that these tetramethylcyclopentadienylselenium
derivatives display significant differences in behaviour from
their pentamethylcyclopentadienyl analogues, which we are now
beginning to explore in more detail. We will also be reporting
the results of a thermogravimetric study of these and related
compounds in due course.'

Experimental

All reactions were performed using standard Schlenk techniques
and pre-dried solvents under an atmosphere of dinitrogen. 'H
(400.13 MHz) and “C NMR (100.61 MHz) spectra: Bruker
AC400; tetramethylsilane as internal standard. 7Se NMR
spectra (47.69 MHz): Bruker WM250; dimethyl selenide as
external standard. IR spectra: Perkin—Elmer 1725X. UV/vis
spectra: Philips PU8720 using quartz cuvettes. Mass spectra
were recorded by the EPSRC Mass Spectrometry Centre, using
Fast Atom Bombardment (FAB). Melting points were recorded
on an electrothermal apparatus and are uncorrected. Cp'Li was
prepared from equimolar amounts of tetramethylcyclopentadi-
ene (Cp'H)’ and butyllithium (1.7 M in hexanes) in hexane.
Se(S,CNEt,), was prepared as described in the literature."”

Synthesis of bis(2,3,4,5-tetramethylcyclopentadienyl)selenium, 1

Cp'Li (3.4 g, 26.6 mmol) was dissolved in toluene (100 ml).
Se(S,CNE,), (5.0 g, 13.3 mmol) in toluene (60 ml) was added
dropwise and the mixture stirred for 18 h. The resulting solution
was filtered to remove the lithium diethyldithiocarbamate and
the solvent removed by evaporation under reduced pressure. The
crude product was purified by passing it through a short silica
column with hexane as eluent. One yellow band was collected
which gave an orange solid. The solid was dissolved in Et,O
and cooled to —10 °C to give orange crystals (1.9 g, 44%), mp
122 °C. Spectroscopic details are summarised in Tables 1 and 2.

Synthesis of 1,4,5,6,7,10,11,12-octamethyltricyclo[7.3.0.0]-2,8-
diselenadodeca-3,5,9,11-tetraene, 2

Cp'Li (2.1 g, 16.4 mmol) was dissolved in THF (80 ml).
Powdered vitreous selenium (3.9 g, ca. 50 mmol) was added
in portions and the mixture stirred for 3 h to produce a dark
red solution. The flask was opened to the air and its contents
stirred for approximately 18 h. The solvent was removed by
evaporation under reduced pressure to give a brown oil. The
crude product was extracted with hexane and purified by passage
through a silica column with hexane as eluent. The solution
was concentrated and cooled to —10 °C to give orange crystals
(0.7 g, 22%), mp 135 °C. Spectroscopic details are summarised
in Tables 1 and 2.
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Synthesis of 1,4,5,6,7,10,11,12-octamethyltricyclo[7.3.0.0]-2,8-
dithiadodeca-3,5,9,11-tetraene, 3

Cp'Li (1.05 g, 8.2 mmol) was dissolved in THF (60 ml). Sulfur
powder (1.0 g, ca. 25 mmol) was added in portions and the
mixture stirred for 3 h to produce a dark red solution. The flask
was opened to the air and stirring continued for a further 18 h.
The solvent was removed by evaporation under reduced pressure
and the crude product extracted with toluene. After filtration, the
solution was concentrated and passed through a silica column
with toluene as eluent. One band was collected which gave the
product as a yellow oil (0.7 g, 56%). Spectroscopic details are
summarised in Tables 1 and 2.

X-Ray crystallography

X-Ray diffraction data for 1 were collected on a Siemens—Bruker
rotating anode diffractometer equipped with Goebel mirrors,
using Cu—Ka radiation (1 = 1.5418 A). For 2, a Nonius CAD4
diffractometer and graphite-monochromated Mo-Ka radiation
(4 = 0.71069 A) were used. Lattice constants were determined
from the angular settings of ca. 4000 reflections for 1 and 25
accurately centred reflections for 2. Crystal data and the main
data collection and structure refinement parameters are given
in Table 5. Data were corrected for absorption by y-scans
for 2 (range of transmission coefficients: 0.739-0.995), whereas
no correction was applied for 1, since attempted corrections
failed to yield improvements. In the final full-matrix least-
squares refinement cycles, all non-hydrogen atoms were refined
anisotropically for both structures. Methyl hydrogen atoms of 1
were in calculated positions, with Uy values linked to the U.,
of the respective C atom, whereas the allylic hydrogens, located
from difference Fourier, were refined with individual isotropic
temperature factors. A set of restraints was imposed on groups
of C-C distances of 1, to improve uniformity of values within
groups. The absolute structure was determined according to
Flack’s test."® As pointed out by a careful reviewer, refinement
in the centric Pnam space group would seem appropriate in view
of the geometry of the molecule of 1, closely approaching C,
symmetry. This, however, yields slightly higher R values and,
more importantly, hides a small distortion also consistently
present in the results of the DFT calculations, which may be
attributed to hindrance between the hydrogen of the inward
pointing C—H bond and the other allylic carbon of the molecule.
For 2, hydrogen atom positions were refined, with restraints

Table 5 Crystal data for 1 and 2

Compound 1 2
Formula CsHySe CsH,,Se,
M 321.35 398.31
T/K 293 293
Crystal system Orthorhombic Triclinic
Space group Pna2, Pl

a//:\ 8.418(3) 7.325(2)
b/A 13.169(9) 8.283(3)
c/A 15.523(13) 8.758(3)
al/° 90 62.64(3)
p/° 90 84.18(3)
7/° 90 67.59(3)
U/A3 1721(2) 434.5(2)
VA 4 1
D./gcm™ 1.240 1.522
F(000) 672 200
Crystal size/mm 0.5x 0.6 x 0.8 0.3 x0.5x0.6
Reflections collected 7697 2339
Indep. data [R;,] 1735 [0.040] 2074 [0.030]
Observed data [I > 26(1)] 1689 1564
Data/parameters 1735/192 2074/133
Goodness of fit 1.064 1.153

R, [I > 206(1)] 0.0295 0.0489
WR, (all data) 0.0748 0.1201






on the C-H values of one methyl group, applying separate
overall temperature factors for the H atoms of different methyl
groups. Small corrections for extinction were applied for both
1 and 2. Crystallographic computing programs used included
SIR-97," SHELXL-97* and PARST.*! For graphics, ORTEP-
3 was employed.”? Crystallographic data (excluding structure
factors) for the structures of 1 and 2 have been deposited with
the Cambridge Crystallographic Data Centre (CCDC reference
numbers 279726 and 279727). For crystallographic data in CIF
or other electronic format see DOI: 10.1039/b510981g.

Computational procedures

In the quantum mechanical calculations the hybrid HF-DFT
B3LYP approach? and the 6-31G(d,p) basis set were employed,
using the GAUSSIAN 98 suite of programs.** Frequency
calculations were performed to check the nature of stationary
states, and zero-point energy corrections were applied. The
initial model for the ‘perpendicular’ geometry of 1 was provided
by the X-ray structure; that of the ‘coplanar’ arrangement was
approximately based on the structure of Cp*,Se and the ‘open’
one was generated on the basis of reasonable assumptions.
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Wavelength and mass resolved resonance-enhanced two photon ionization (R2PI) excitation spectra of
(R)-(+)-1-phenyl-1-propanol (Py) and its complexes with some chiral esters, i.e. methyl lactates (L and Lg), methyl
3-hydroxybutyrates (Hy and Hg), and methyl 2-chloropropionates (Cy and Cs), have been recorded after a supersonic
molecular beam expansion and interpreted in the light of DFT calculations. The spectral features of the selected
complexes were found to depend on the nature of hydrogen-bond interactions within the diasteromeric complexes,
whose intensity in turn depends upon the structure and the configuration of the estereal moiety. The study further
confirms resonant two-photon ionization spectroscopy, coupled with time-of-flight mass resolution (R2PI-TOF), as
an excellent tool for gathering valuable information on the interactive forces in molecular clusters and for the

enantiodiscrimination of chiral molecules in the gas phase.

Introduction

Carboxylic compounds substituted at the o-position play a
prominent role in a variety of important medical and pharma-
ceutical applications.'® From the point of view of basic research,
these compounds look very attractive and challenging owing
to the a-substituent adjacent to the carboxylic group which
allows many possible intramolecular interactions in the isolated
molecule and a variety of intermolecular interactions in its
clusters with suitable acceptors. Simple a-substituted carboxylic
acids have been extensively studied, both theoretically and
experimentally.”? Similar efforts have not been made on the
study of their methyl esters."® This has happened despite the fact
that substitution of the COOH group by COOCH; prevents
some intramolecular hydrogen bonding and, therefore, makes
the detailed study of their intermolecular interactions in isolated
clusters much easier.

The practical importance of a-substituted carboxylic com-
pounds in medical and pharmaceutical sciences is increased by
the fact that most of these molecules are chiral and that many
biochemical processes are based on the enantioselective recog-
nition of asymmetric molecules by chiral receptors. Therefore,
the study of the fundamental mechanism of enantioselectivity
in noncovalent diastereomeric complexes, and of the underlying
intermolecular interactions, are crucial for a better understand-
ing of the recognition phenomena in life sciences as well as
their potential impact on the development of novel procedures
for racemate analyses and for enantioselective syntheses. This
aim can be achieved through the application of some gas-phase
methodologies, including mass spectrometry,'*2° which provides
information about the stability and reactivity of diastereomeric
cluster ions, and supersonic expansion laser spectroscopy, '~
which gives information on their neutral counterparts.

w
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The latter methodology relies on the spectral signature of
noncovalent diastereomeric complexes formed by supersonic
co-expansion of a chiral chromophore and a chiral “sol-
vent” molecule (solv). The homo- and heterochiral pairs are
characterized by the non-equivalence of their structure and,
therefore, involve different intermolecular interactions both in
the ground and excited states. As a consequence, they exhibit
different shifts of the S, < S, transition relative to that of the
bare chromophore, which allow their assignment and optical
selection.” The use of supersonic expansion in these studies is
essential, since it leads to the formation of isolated molecular
complexes in their electronic ground state at the lowest rotational
and vibrational levels. As a result, their excitation spectra often
display only few, well resolved narrow bands. Furthermore, the
low internal temperature of the adducts, ranging around a few
Kelvin,**" favours population of the enthalpically most stable
structural isomer and sometimes stabilization of other structural
variants, if their interconversion requires the overcoming of
sizable energy barriers.

The spectroscopic techniques used to date include laser-
induced fluorescence (LIF)**%? and resonant two-photon
ionization (R2PI),**3? this latter allowing the measure-
ments of the binding energy of the supersonically expanded
adducts. Structural aspects have been elucidated by vibrational
spectroscopy, either FTIR*3* or IR/UV double resonance
experiments,®>" or alternatively microwave experiments.®® In
recent years, the R2PI spectroscopy, coupled with time-of-
flight (TOF) mass spectrometric detection, has been extensively
employed to investigate the role of multiple intermolecular
interactions in chiral recognition of bifunctional so/v molecules
by a suitable chromophore, i.e. (R)-(+)-1-phenyl-1-propanol
(Pr). The compounds investigated so far were diols** and
3-hydroxytetrahydrofuran.®® These bifunctional molecules may
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present intramolecular hydrogen bonding in the isolated state
and may exist in distinct conformations.

When associated with Py, their intramolecular hydrogen bond
tends to be disrupted for the benefit of the intermolecular
interactions with the chromophore. According to the relevant
hydrogen bond network, these complexes can be classified into
three groups:***" (i) those where the chromophore acts as the
H-donor to the most basic site of solv (:Y in Fig. 1). These
structures exhibit also a weak O-H - - - & interaction between
the alcoholic group of solv and the 1t system of the chromophore
(Y*4 in Fig. 1); (ii) those where the chromophore acts as the
H-donor to the less basic n-type site of solv (O in Fig. 1).
These structures show an intramolecular O-H - - - Y interaction
between the functional groups of solv (0 in Fig. 1); and (iii)
the complexes in which the OH group of the chromophore acts
either as the H-donor to the most basic site of so/v and as the
H-bond acceptor from its OH alcoholic function (O™ in Fig. 1).
With solv = 3-hydroxytetrahydrofuran, all three structures are
generated. Relative to the S, < S, electronic band origin of
the most stable anti conformer of the bare Pr chromophore,
the Y*4-like structure displays a pronounced hypsochromic
shift due primarily to the intermolecular O-H - - - © bonding,
the O*¥-like one an appreciable bathochromic shift, and the
O™-like one a relatively limited band shift due to the dual
H-bond donor/acceptor character of the chromophore. In all
instances, the largest shifts are observed with the heterochiral
structures. With symmetrical diols, e.g. 2,3-butanediols and 2,4-
pentanediols, class (i) and (ii) structures coincide (:Y=O0H). In
this case, the spectral features of the relevant complexes with Py
were found to depend on cooperative O-H---O-H---O-H--- &
interactions between the two components, the intensity of which
depends upon the specific configuration of the diol moiety and
the relative position of its hydroxyl groups (2,3-butanediols <
2,4-pentanediols). The result is that 2,3-butanediols, in which the
O-H - - - & interaction is relatively weak for structural reasons,
display red shifts, whereas 2,4-pentanediols exhibit distinct blue
shifts, since here optimal O-H - - - T arrangement is not hindered
by the cooperative O-H - -- O-H - - - O-H interactions.

o/H‘ "4',“/ O/H" O H\,\O/H‘
H“k H“X H“x
E{p E{p E/p
(Yadd) (oadd) (oins)

Fig. 1 Schematic representation of the most common structures for
gas-phase complexes between (R)-(+)-1-phenyl-1-propanol (Pr) and
bifunctional alcohols (:Y most basic center of the alcoholic so/v).

In view of the importance of a-substituted carboxylic com-
pounds in life sciences, we decided to extend the R2PI-TOF
investigation to these compounds and specifically to their methyl
esters. In particular, we selected as model esters the methyl
lactates (L and Lg; Fig. 2) which, relative to diols and 3-
hydroxytetrahydrofuran, involve other types of intramolecular

3 b
CHQ,,oa  a=iCH, b=H, (Ly)
>—\/ a=H, b=3CH,, (Lg)

o oH
CH,0 —t Nt D a=tCH,, b=H, (Hg)
8 a=H, b=4CH,, (Hy)

0 OH

y

b

CHQ ~ Sa  a=3CH, b=H, (Cy)

a=H, b=3CH,, (C,)
o cl vs

Fig. 2 The selected solv molecules.

hydrogen bonds, such as O-H---O=C. Their behavior is
contrasted with that of methyl 3-hydroxybutyrates (Hz and Hg;
Fig. 2) and of methyl 2-chloropropionates (Cy and Cg; Fig. 2).
The former were chosen as representative f-hydroxy substituted
carboxylic esters and the latters as representative a-substituted
carboxylic esters lacking of intramolecular hydrogen bondings.

Experimental
R2PI-TOF experiments

The experimental set up to produce the molecular clusters and
to perform their spectral analysis has been described elsewhere.*
The supersonic beam of the species of interest was obtained by
adiabatic expansion of a carrier gas (Ar; stagnation pressure
from 2 to 4 bar), seeded with P; and one enantiomer of the
selected carboxylic esters through a pulsed nozzle (i.d. 400 pm;
aperture time: 200 ps; repetition rate: 10 Hz) heated at T
= 120 °C. Their concentration is maintained low enough to
minimise the production of heavier clusters. The molecular beam
was allowed to pass through a 1-mm diameter skimmer into a
second chamber equipped with a vertical TOF spectrometer.
Molecules and clusters in the beam are excited and ionised by
one or two tuneable dye lasers, pumped by a Nd-YAG laser
(4 = 532 nm). The dye fundamental frequencies are doubled
and, when necessary, mixed with residual 1064 nm radiation
to obtain two different frequencies v, and v,. The ions formed
by R2PI ionizations are mass discriminated and detected by a
channeltron after a 50-cm flight path. The mass selected ionic
signals are recorded and averaged by a digital oscilloscope and
stored on a PC

One colour R2PI experiments (1cR2PI) involve electronic
excitation of the species of interest by absorption of one photon
hv, and by its ionisation by a second photon of the same
energy hv,. The 1cR2PI excitation spectra were obtained by
recording the entire TOF mass spectrum as a function of v,. The
wavelength dependence of a given mass resolved ion represents
the absorption spectrum of the species and contains important
information about its electronic excited state S;.

Computational details

MM3 force-field classical molecular dynamics is run for each
neutral adduct at a temperature of 800 K with some constraints
to overcome dissociation; the cumulative time is 0.1 ns with a
time step of 0.5 fs and a dump time of 1 ps. The 100 snapshots
are then optimized with a convergence of 10~° kcal mol~' A~
RMS gradient per atom. The obtained optimized structures are
classified according to their energy and conformation. Each
molecular and cluster conformer is optimized with a density
functional theory (DFT) approach using a medium size basis
set. The DFT Hamiltonian is Becke’s three-parameter hybrid
functional with the Lee, Yang, and Parr correlation functional
(B3LYP); the basis set is the 6-31G. All the ab initio calculations
were performed using the GAUSSIAN 98 package.*

Results and discussion

Fig. 3a illustrates the excitation spectrum of the bare Py, taken
around the electronic S, < S, origin. The band origin region of
the spectrum displays a peak at 37577 cm™ (A) and two other
major peaks at 37618 cm~' (B) and at 37624 cm~' (C). This triplet
of bands has been assigned to the 0f electronic S, < S, origin
of three most stable conformers of the chromophore, obtained
by rotation around its C,~C; bond placed quasi-perpendicular
to the aromatic ring.*® In particular, the most intense band (B)
is associated with the most stable anti rotamer, whereas the less
intense bands (A) and (C) to the two gauche conformers.

The 1cR2PI excitation spectra of the isomeric complexes of
P with the selected carboxylic esters are illustrated in Fig. 3—
5. Their spectral patterns are characterized by an ensemble of
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Fig.5 1cR2PI excitation spectra of the complexes between Py and Cy
(a) and Cs (b). The origin of the frequency scale is relative to the peak B
at 37618 cm™! of bare Py which is marked as a dashed line.

bands red- or blue-shifted relative to the 0 electronic S, «
S, origin of the most populated anti conformer of the bare
chromophore Py (peak B at 37618 cm™).* A red shift (negative
Av) is due to an increase of the complex bonding in going from
the S, ground state to the S, excited state. A blue shift (positive
Av) is due to a decrease of the complex bonding by the same
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excitation process. The magnitude of the Av values is somewhat
related to the variation of bonding efficiency in the © and ©*
states.

As pointed out in related papers,*** the bathochromic shifts
of the 0 electronic S, <« S, origin, observed when Py is
associated with an alcoholic solv, is phenomenologically related
to the increase of the electron density on the oxygen center
of the chromophore (henceforth denoted as O) by O-H---O
hydrogen bonding with the O atom of the solvent. Similarly
important are dispersive interactions between the aliphatic chain
of the solvent and the n-system of the chromophore, which are
mainly responsible of the different spectral shifts observed in
diastereomeric complexes involving chiral moieties.*

This general behavior is further corroborated by the 1cR2PI
absorption spectra of the homochiral [Lg-Pr] and heterochiral
[Ls-Pg] complexes (Fig. 3b—c, respectively), obtained by moni-
toring the ion signal at the ethyl loss fragment mass (m/z = 211).
Similar spectra have been obtained by monitoring the parent ion
signal at m/z = 240. Their spectral patterns are characterized
by the presence of five intense bands all red-shifted relative to
the band origin B of the bare chromophore P;. No blue-shifted
signals were observed for these 1 : 1 complexes.

Concerning the nature of these five signals, it is well established
that association of Py with bidentate solv, like the selected esters,
can markedly unbalance the relative population of the A-C
rotamers of the chromophore to the point that only one Py
conformer predominates.’®** This view is further confirmed by
DFT calculations of the most stable diastereomeric [Lg-Pg] and
[Ls-Pg] isomers. Fig. 6 shows that the number of stable [Lg-Pg]
and [Ls-Py] isomers coincides with the number of intense signals
of Fig. 3. Among the DFT computed structures, the (a) and (b)
rotamers, like the (2’) and (b’) ones, are structurally analogous
to the members of the O™ family. Structures (¢) and (¢') can be
considered as belonging to the O** class, whereas structures (d),
(d), (), and (¢') may be included in the Y*¥ category. It is worth
recalling that the Y* structures may be characterized by an
intense O-H - - - minteraction which normally promotes the blue-
shifting (or reduces the red-shifting) of their band origin.**** In
this frame, we tend to assign the least red-shifted band of Fig. 3b
to structures (e) and that of Fig. 3c to structure (¢), since both
are characterized by the alcoholic OH bond pointing to the =n-
system of Py at relatively short O-H - - - m equilibrium distances
(Table 1).

At first glance, however, this assignment seem to contrast
with the observation that, in spite of its short O-H---=&
distance (3.25 A, Table 1), the heterochiral structure (¢') exhibits
a red-shifts larger than those of the homochiral congener

Table 1 B3LYP/6-31G-calculated total energy values and geometric
parameters of the most stable optimized structures of the diastereomeric
[Lg/s-Pr] complexes. Symbols in the table are explained in the text

a b c d e
OH---n RR 4.48 4.33 4.43 6.91 4.16
RS 4.48 4.25 3.47 2.83 3.25
C3)---m RR 6.87 8.02 8.78 6.12 5.82
RS 7.18 8.10 7.07 5.37 6.57
C=0---7 RR 4.70 6.02 6.20 6.87 4.53
RS 4.76 5.90 4.63 4.33 4.63
CH;O-- 1 RR 6.62 7.29 7.88 5.08 5.30
RS 6.85 7.26 6.49 4.49 5.83
C2H---m RR 6.54 7.00 5.80 3.38 6.19
RS 6.31 4.00 6.63 5.41 3.00
O-H-O RR 1.83 1.86 — — 1.86
RS 1.82 1.89 — — 2.57
O-H-O RR 1.90 1.88 1.88 2.06 1.87
RS 1.95 1.87 1.88 2.05 1.92
O-H-O RR 2.71 2.65 2.04 2.08 2.57
RS 2.60 2.70 2.06 2.72 2.73
C@3)---m RR 6.90 7.07 6.15 4.27 5.94
RS 6.75 491 6.46 5.19 3.97
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Fig. 6 B3LYP/6-31G-calculated structures of the diastereomeric [Lg,s-Pr] clusters: (a—e) [Lg-Px]; (a'—¢') [Ls-Px].

(¢) (O-H-- -7 distance = 4.16 A, Table 1). This apparent
discrepancy may be readily removed by considering the effective
dispersive interaction between the C(3)H; group of lactate and
the m-system of P in the heterochiral form (¢) (C(3)---m
distance = 3.97 A, Table 1), which instead is virtually absent in
the homochiral forms (e) (C(3) - - - m distance = 5.94 A, Table 1).

The structural assignment of the residual red shifted bands
of Fig. 3b—c is more complicated. However, in analogy with
previous evidence, we tend to assign to the most red-shifted
bands to the O**-like structures (c) and (¢’). This assignment is
somewhat supported by the fact that, compared to [Lg-Pg], the
heterochiral [Ls-PR] complex displays the largest red shift (Av =
— 193 em™'; Fig. 3¢) much like the corresponding complexes
with solv = 2-butanol.***

Figs. 4a-b report the 1cR2PI absorption spectra of the ho-
mochiral [Hg-Pg] and heterochiral [Hg-Py] complexes, obtained
by monitoring the ion signal at the ethyl loss fragment mass
(m/z 225). Similar spectra have been obtained by monitoring
the parent ion signal at m/z = 254. The spectral pattern of the
heterochiral [Hg-Pg] complex is characterized by the presence of
several bands most of them blue-shifted relative to the band
origin B of the bare chromophore Py. Instead, the spectral
pattern of the homochiral [Hg-Pi] complex presents several
bands slightly red-shifted relative to the band origin B of the
bare chromophore Py.

This opposite behaviour can be rationalized in terms of the
corresponding O™ structures (Fig. 7). According to Table 2,
relative to the heterochiral [Hg-Pg] structure, the homochiral
[Hg-Pg]form shows a shorter C(2) - - - m distance (3.98 A, Table 2)
and a longer O-H - - - ndistance (5.10 A, Table 2) which indicate
that first interaction may effectively outbalance the latter in this
complex. This is not any longer true in the heterochiral [Hg-Pg]
structure (C(2)---n distance = 4.09 A; O-H-- - ndistance =
4.53 A, Table 2). The consequence is that the counterbalancing
effects of dispersive and polar interactions induce a small red-
shift in the band origin of [Hy-Py], whereas the predominance
of the polar interaction over the dispersive one induces small
blue-shift in the band origin of [Hy-Pg].

Fig. 5a-b show the 1cR2PI absorption spectrum of [Cs-Pg]
and [Cy-Pg], respectively, taken by monitoring the ion signal
at the ethyl loss fragment mass (m/z = 229). Similar spectra
have been obtained by monitoring the parent ion signal at
m/z=258. The spectral patterns of Fig. 5 show close similarities
with those of the [Hg-Py] and [Hy-Py] pair reported in Fig. 4.
Indeed, the heterochiral [Cs-Pr] complex is characterized by the
presence of several bands most of them blue-shifted relative to
the band origin B of the bare chromophore Py. Instead, the

Table 2 B3LYP/6-31G-calculated total energy values and geometric
parameters of the most stable optimized structures of the diastereomeric
[Hg/s-Pr] complexes. Symbols in the table are explained in the text

Homo Hetero
O-H-O 1.73 1.75
O-H-O 1.97 1.95
C=0---1 5.79 4.47
CH;O0- -1 5.78 4.46
C3)---m 4.25 491
C2)---m 3.98 4.09
OH---1 5.10 4.53
C4)---m 5.69 5.42
C@3)---m 7.07 5.08
(Homo)
i o
i o
¢ +0.53 Kcal/mol

0.0 Kcal/mol

Fig.7 B3LYP/6-31G-calculated most stable structures of the diastere-
omeric [Hg,s-Pg] clusters: (a) [Hg-Pg]; (a') [Hs-Pg].

spectral pattern of the homochiral [Cg-Pr] complex presents
several bands red-shifted relative to the band origin B of the
bare chromophore P;. The geometrical structures and relative
energies of the homochiral and heterochiral adducts are shown
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in Fig. 8. In particular, the three most stable homochiral [Cy - Py ]
structures are shown in Fig. 8a, 8b and 8c and those concerning
the heterochiral [Cs-Pg] ones are illustrated in Fig. 8a’, 8b’ and
8c’. Their conformational topology is very similar: in the most
stable structures (Fig. 8a and 8a’), the OH group of Py is H-
bonded to the carbonyl oxygen of Cg,s, while their CH;0 group
is outside the m-region of the chromophore. The immediately
less stable structures (Fig. 8b and 8b’) are hydrogen-bonded
much like their most stable isomers, but their CH;O group
are placed over the chromophore aromatic ring. The highest
energy adducts show hydrogen bonding between the OH of Py
and the CH;0 oxygen of Cy,s (Fig. 8¢ and 8c’). A conceivable
explanation of the experimental spectral shifts of Fig. 5 can be
given in terms of the structural parameters of the diastereomeric
clusters (Table 3). The red shifts in the n—n* transition of the
homochiral [Cg-Py] cluster with respect to the bare Py could
be accounted for by the dispersive interactions between the
aromatic ring and the methyl group at C(3) of Cy (C(3)---=
distance (in A) = 4.15 (a), 4.69 (b); Table 3).244 No similar
red-shifts are observed with the heterochiral [Cs-Pg] cluster
in conformity with the much weaker interactions between the
aromatic ring of Py and the more removed methyl group at
C@3) of Cs (C(3)---m distance (in A) = 4.54 (a), 4.91 (b);
Table 3). The fact that the more pronounced differences in the
C(3) - - - m distance are exhibited by the (a) (vs. (a')) and (b) (vs.
(b)) structures allows us to assign these structures to the most
red-shifted bands of the homochiral [Cy-Py] cluster. Besides,
the blue-shifted bands of the heterochiral [Cs-Pg] cluster can
be attributed to the polar interaction between the n-ring of the
heterochiral [Cs-Pg] structure (¢') and the rather acidic CICH
hydrogen pointing towards it (CICH - - - nt distance = 2.89 A,
Table 3). The same interaction is prevented in the homochiral
congener (c) (CICH - - - & distance = 6.45 A, Table 3), which in
fact does not display any blue-shifted band relative to the bare
chromophore.

I (a)
| [ ] ,’a -
% b\ 9=£
o
N e
2 -
. 0.0 Kcal/mol

+1.5 Kcal/mol

+2.3 Kcal/mol

+0.7 Kcal/mol

Fig. 8 B3LYP/6-31G-calculated structures of the diastereomeric
[Cr/s-Pr] clusters: (a—c) [Cr-Pr]; (a'—¢') [Cs-Pr].

Conclusions

The present study shows how the analysis of the mass resolved
R2PI-TOF excitation spectra of the most stable, supersonically
expanded complexes between (R)-(+)-1-phenyl-1-propanol and
the enantiomers of methyl lactate, methyl 3-hydroxybutyrate,
and methyl 2-chloropropionate, coupled with DFT calculations,
can provide valuable information on their structures and the
interactive forces holding them together. The study further
supports the view that the spectral features of the selected
complexes depend on a complicate interplay between polar
and dispersive interactions within the diasteromeric complexes,
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Table 3 B3LYP/6-31G-calculated total energy values and geometric
parameters of the most stable optimized structures of the diastereomeric
[Cr/s-Pr] complexes. Symbols in the table are explained in the text

a b c a b d
O-H-O 1.87 1.88 1.97 1.86 1.88 1.90
C3)---m 4.15 4.69 4.55 4.54 491 4.55
Cl---m 6.48 6.61 5.29 6.61 7.30 4.69

C=0---n 4.27 4.51 7.15 4.26 4.65 6.05
CH;O---m 486 5.47 5.15 4.86 6.21 4.79
C@3)---m 5.35 6.06 6.07 5.30 6.48 6.09
CICH:--m 4.65 4.31 6.45 4.56 6.31 2.89
OH-CI 5.35 4.07 3.18 5.41 4.21 3.91

whose intensity in turn depends on the structure and the
configuration of the estereal moiety. On these grounds, mass
resolved R2PI-TOF spectroscopy confirms itself as an excellent
method for the enantiodiscrimination of chiral molecules in the
gas phase.
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Relative energetic contributions from the base-pairing [AG°,,] vis-a-vis stacking [AG° y.qn] to the total free-energy

of stabilization [AG°;;] for 14 pairs of isosequential hybrid DNA-RNA duplexes (taken from E. A. Lesnik and

S. M. Freier, Biochemistry ,1995, 34, 10807) have been dissected in order to understand the differences in the intrinsic
nature of the electrostatic forces that are responsible for the self-assembly of the heteroduplexes compared to
homoduplexes. The pK, differences between the monomeric nucleotide 3'-ethylphosphates [(d/rN)pEt] as well as
nucleotide 3,5 -bis-ethylphosphates [Etp(d/rN)pEt] in both 2’-deoxy (dN) and ribo (rN) series (N = A/G/C/T/U),
as the model donor and acceptor (in which stacking is completely eliminated) mimicking those of the internucleotide
monomer building blocks of a duplex, can be qualitatively used (P. Acharya, P. Cheruku, S. Chatterjee, S. Acharya
and J. Chattopadhyaya, J. Am. Chem. Soc., 2004, 126, 2862) to understand the strength of base-pairing energies in
different DNA-RNA (DR), RNA-DNA (RD), DNA-DNA (DD), and RNA-RNA (RR) duplexes. The study has
led us to show the following. (1) As the number of excess %T in DR duplexes compared to the isosequential RD
duplexes increase the differences in their thermal stabilization [AT,|pr_rp increase and vice-versa (2) The total relative
stabilizations, [AAG®y;]pr_rp among the 14 pairs of isosequential DR and RD duplexes (E. A. Lesnik and

S. M. Freier, Biochemistry ,1995, 34, 10807) are wholly dependent on the differences in the number of 5-Me(T)
stacking interactions with the nearest-neighbors in the D strands of DR duplexes compared to that of the RD
duplexes (3) In the relative stabilization of the DR or RD duplexes differences in the free-energy of stackings

[AAG uekineJor rp Play @ more significant role than the differences in the free-energy of base-pairing, [AAG®,]pr rp- In
contradistinction, our experimental data shows that RNA-RNA duplexes are more stable than DNA-DNA duplexes
because of larger energy gain from the base-pairing in the former compared to the latter (P. Acharya, P. Cheruku,

S. Chatterjee, S. Acharya and J. Chattopadhyaya, J. Am. Chem. Soc., 2004, 126, 2862).

Introduction

The RNA-RNA (RR) duplexes are more stable than DNA—
DNA (DD)/DNA-RNA (DR)/RNA-DNA (RD) duplexes!
with the identical sequence context. The actual order of the
thermodynamic stability of DD, DR and RD however depends
upon their sequence composition.”® Understanding of factors
governing the stability of the heteroduplexes (DR versus RD) are
important because they occur in cells as a result of transcription,’
in Okazaki fragments in replication,? and in reverse transcription
when cells are infected by retroviruses® or in the down-regulation
of genes by inhibition of mMRNAs'*"* using the antisense strategy.
In homoduplexes, DD and RR, two types of base-pairings are
possible, i.e. rA-U/rG-rC in RR and dA-dT/dG-dC in DD. In
DR and RD heteroduplexes, however, four types of base-pairings
are possible depending upon the location of the nucleobases in
the DNA or in the RNA strand, [i.e. (1) dG-rC, (2) dC—G, (3)
dT-rA, and (4) dA—rU in DR, and (1) rG-dC, (2) rC-dG, (3)
rA—dT, (4) rU-dA in RD].

On the basis of the pK, differences between the model donor
and acceptor of the monomeric nucleotide 3'-ethylphosphates
[(d/rN)pEt] as well as nucleotide 3',5-bis-ethylphosphates
[Etp(d/rN)pEt]in both 2’-deoxy (dN) and ribo (rN) series, which
are completely devoid of internucleotidic base-base stacking,'*
we have demonstrated that the hydrogen bondings in rA-rU
and rG—rC base-pairs in RR duplexes are more stable than that
of the dA—-dT and dG—-dC base-pairs* in DD duplexes by 4.3
and 1 kJ mol™!, respectively, which have been also confirmed

1 Electronic supplementary information (ESI) available: Additional
tables of calculations. See DOI: 10.1039/b511139k

This journal is © The Royal Society of Chemistry 2005

by TROSY-HSQC experiments,'s as well as by imino-proton
exchange rate of G-C base-pair flanking the (A-U/T) pair.*
Additional stabilization in RR duplexes by 2’OH(n)-O4'(n + 1)
hydrogen bonding has also been shown to play a key role in
the X-ray structure of hammerhead ribozyme!” as well as in the
MD simulation study." Kool and coworkers have shown that
the effects of thyminyl-methyl and the 2'-OH group of ribose are
independent of one another and that the C5-methyl group in
pyrimidines are in all cases stabilizing, while 2'-OH groups can
be stabilizing or destabilizing, depending on the type of double
or triple helical nucleic acid complexes."

Crystal structures of various TATA box binding proteins
(TBP) bound to their promoter DNA (TATA box: [ -TaTA-5720)
showed a number of CH-C,,(r) contacts between the nu-
cleotides adjacent to each other within the same strand at the
boundary of TBP and the TATA box minor groove,” which
consequently forms very stable robust AT tract.?*** Recent
crystal structure analysis of TATA boxes, [J-TA1-512 within
DD duplexes have also clearly shown that the C3 symmetric 5-
methyl group in the 1-thyminyl moiety favorably interacts with
the © cloud of the fused imidazole ring of the 9-adeninyl base
at the 5-end [Me(T)-n(A)interaction]. This is consistent with
the fact that C5 methyl group of 1-(5-methylcytosinyl)* or C5-
propynyl derivative® of 1-uracilyl in the D strand stabilizes the
DR duplex by ~2.5 °C per modification compared to native 1-
cytosinyl. These interactions?®* between the C5-methyl group
of 1-thyminyl and the © cloud of the preceding nucleobase at the
5'-end indeed is also known to stabilize the intrastrand stack-
ing in the heteroduplexes (“twin A/T-Me interaction”),?*%
the basis for the construction of DNA curvature®*® and
bending.”’
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In our earlier study™ we have shown that RNA-RNA duplex
is more stabilized than the isosequential DNA-DNA (DD)
duplex because of stronger hydrogen bonding in the rC-rG
and rA-rU base-pairing in comparison with the dC-dG and
dA-dT base-pairings than that of the stacking interaction. We
here show, in contradistinction, that in case of isosequential
DR and RD duplexes the main contribution to AG°s, arises
from the contribution of the stacking energies, not from the
base-pairing energies. We here also show that it is the 5-methyl
group of T interactions with the neighboring bases that is the
most important contributor than that of the other stacking
interactions in the overall stacking-promoted stabilization of the
heteroduplexes. We have come to this conclusion by comparing
the effect of excess number of T in the D strand by pairwise (14
pairs) subtraction of T residues among the isosequential DR
and RD duplexes.

Results and discussion

From the T, analysis of the isosequential DR and RD duplexes
(1-14)* (Table 1 and its legend), it can be seen that the relative
stability of the DR duplex compared to the isosequential RD
duplexes, [AT,]lor rp, increases as the excess %T residues in
DR increases compared to RD, [%T]pr_rp, and vice versa. Thus,
a linear regression plot of [AT ,]or rp versus [YoT]pr rp Shows
(Fig. 1) that as the excess %T moieties in the DR heteroduplex
increases over the RD, the relative stability of the former
increases in comparison with the latter [Pearson’s correlation
coefficient, R = 0.93]. This can be more clearly seen upon

[ATm] DR-RD

-30 w ' T T T ‘
-20 0 20 40 60

[ T]1pR-RD

Fig. 1 A plot of the relative thermal stability, [AT,]pr_rp, Of isose-
quential DR compared to RD duplexes as a function of increase of
excess %T in DR with respect to the RD, [%T]pr rp. The chain length
of all the sequences, 1-14 (Table 1), are marked as the subscript in the
correlation plots (1-3). Note when the number of T is the same in DR
and RD duplexes (i.e. [%T]pr rp = 0, shown by arrow and ellipse) their
corresponding thermal stabilities, [AT ', ]or_rp, are also very close to zero.

inspection of the plot in Fig. 1, when the number of T’s is the
same in DR and RD duplexes (i.e. [%T]prrp = 0, shown by
arrow) their corresponding thermal stabilities, [AT,,]pr_rp, are
also very close to zero. This means that when [%T]pg gp is larger
than zero, the [AT ,,]or_rp 18 also larger than zero, and vice versa.

Table 1 Therelative T, stabilities of heteroduplexes (DR/RD)*, AT ,or rpy» is related to their differences in %T-content, [%T]pr rp. and quantification
(kcal mol™') of the energetic contributions from the relative base-pairing [AAG®y,]or rp, and stacking [AAG®,inelor =p i [AG®37]or rD

Eqn (1)

Eqn (2)

Eqn (3)

[AAG®3;]pr rp¢/kcal mol™!

Sequence” Duplex sequences® AT npr ey PR RD DR-RD [AAGylor rp?  [AAG®guckinglor vD° [%0 Tlor o’

(1pr—1grp) 5-TCCCTCCTCTCC 18.0 —15.6 -9.6 —6.0 +0.55 —6.55 333
3-AGGGAGGAGAGG

(2pr—2rD) 5-CCTTCCCTT 243 —10.0 —5.8 —4.2 +2.16 —6.36 44.4
3¥-GGAAGGGAA

(3pr—3rD) 5-TTCCCTTCC 29.3 —10.1 -5.1 -5.0 +2.26 —7.26 44.4
3-AAGGGAAGG

(4pr—4rp) 5-GCTCTCTGGC 10.10 —11.2 -8.9 -23 +3.21 —5.51 30.0
3-CGAGAGACCG

(5pr—5grD) 5-CTCGTACCTTCCGGTCC 8.8 —17.0 —12.7 —4.3 +2.22 —6.52 23.5
3-GAGCATGGAAGGCCAGG

(6pr—6rp) 5-CTCGTACCTTTCCGGTCC 8.4 —18.1 —14.6 -3.5 +3.47 —6.97 27.7
3-GAGCATGGAAAGGCCAGG

(7or—Trp) 5-TAGTTATCTCTATCT 10.5 —10.5 -7.5 -3.0 +5.19 -8.19 33.3
3-ATCAATAGAGATAGA

(8pr—8rp) 5-GCACAGCC 1.6 —8.1 -7.9 —0.2 —-3.67 3.47 —25.0
3-CGTGTCGG

(9pr—9rp) 5-GAGCTCCCAGGC 3.6 —-143 —134 -0.9 —1.87 0.93 —8.4
¥-CTCGAGGGTCCG

(10pr—10rp) 5YGCCGAGGTCCATGTCGTACGC 0.1 —-17.2 -18.0 +0.8 +1.26 —0.46 4.1
3CGGCTCCAGGTACAGCATGCG

(11pr—11lgp) 5-TGTACGTCACAACTA 1.4 —11.8 —11.2 —0.6 —2.40 1.80 —6.6
3-ACATGCAGTGTTGAT

(12pr—12rp)  5-TATACAAGTTATCTA —0.7 =77 -7.8 +0.1 —0.57 0.67 0.0
3-ATATGTTCAATAGAT

(13pr—13rp)  5-CGACTATGCAAAAAC -8.3 -87 —11.3 +2.6 —7.43 10.03 -334
3-GCTGATACGTTTTTG

(14pr—14rp)  5-CGCAAAAAAAAAACGC —-21.5 -5.9 —13.0 +7.1 —13.74 20.84 —62.5

¥-GCGTTTTTTTTTTGCG

@ All oligo sequences (1pg /1xp—14pr /14zp) in DR and RD combinations and their corresponding 7, data set have been taken from Lesnik. ez al.* For
example, in DR, the 5— 3 is D and 3'— 5’ is R. and for the RD, the 5— 3’ is R and 3'— 5" is D. All T in the R strand of DR or RD is substituted with U.
® Thermal stability of DR duplexes relative to their isosequencial RD duplexes in °C. ¢ The data for helix stability [AAG®3;]pr_rp 0f DR (1pr—14pg) and
RD duplexes (1zp—14rp) with the same sequence context used in this study are taken from ref. 4 ¢ [AAG®,,]or rp (kcal mol™') = [{ZAAG®x, (DR) —

2 AAG® k, (RD)}/4.2], [1.0 kecal mol™ = 4.2 kJ mol™']. ¢ [AAG® suekinglor rp (kcal mol™) = [AAG®3;]pr rp —

[AAGObp]DR—RD' f[%T]DR—RD = [%T]UR -

[%T]rp, excess %T in DR in comparison with RD, [%T]pr = [total number of T/nucleotidic chain length of the duplex]pr x 100. [%T]rp = [total
number of T/nucleotidic chain length of the duplex]zp x 100.
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So, what is the origin of this T effect? Is it contributing toward
the intrastrand stacking interactions or base-pairing? It was
however clear to us from our earlier work' that the A:T base-
pairing in DNA-DNA duplexes is weaker than the A:U base-
pairing in RNA-RNA duplexes. This has led us to suspect that
the stacking interaction is probably a more dominating force in
the stabilization of helix in the heteroduplex, which is backed by
our present analysis.

For the sake of simplicity, if we consider that there are
two dominating contributors to AG°;; of a duplex (from 7,)
which are H-bonding and stacking (eqn (1) and (2)). We can
easily dissect these two forces by estimating the strength of H-
bonding from the differences in pK, values (ApK,) between
the donor and acceptor in the base-pairing."* Thus, we have
estimated AG°yuqpairing 0y from all ApK, #2523 [ApK, = (pK,
of the donor) — (pK, of the acceptor)] for all A-U/T or G-
C base-pairings within a duplex by summation of all AAG®,
(from £ApK,) (eqn (2a) and (2b)). Since the strength between
donor (D) and acceptor (A) in D-H--- A is proportional to
the pK, difference (ApK,) between the hetero atoms making the
hydrogen bond,"**3!32 we expected that a hydrogen bond (D-
H.--A = D-..H-A) is to be the strongest when ApK, = 0,”
i.e. the pK, of the donor is the same as the pK, of acceptor (“pK,
match”).*

Since, in DR duplex, ApK, for the middle (dT-rA) and (dA-
rU) base-pairs are respectively 6.43 and 5.43, it signifies that
dA-rU is forming a more stable hydrogen bond (AAG°, =
31.1 kI mol™") than dT-rA (AAG°,x, = 36.4 kJ mol™') (see Table
S1in SI). Again, the dC—1G or rG—dC as the middle base-pair are
more stable (ApK, = 4.94, AAG° x, = 28.2 kJ mol™') than those
of dG-rC or rC-dG (ApK, = 5.35, AAG® , = 30.6 kJ mol™)
(see Table S1 in SI¥).

Since (XApK,) (Tables S3 and S4 in SI) is the sum of the
total number of middle and terminal base-pairs (eqn (2b)),
calculation of base-pairing energy of heteroduplexes in Table
S5 in SI), of the DR or RD duplex (contributing to the total
duplex stability, AG°;;), we have plotted [AG°s]prorrp @S @
function of [EApK,]Jprerrp (Fig. 2A and 2B and Table S3
and S4 in SI) for all 14 oligos, and performed the regression
analysis and compared them with those of DD and RR duplexes
(Fig. 2C and 2D and Table S3), which showed that AG°;; and
the [XApK,] are well correlated for all types of homo and
heteroduplexes, thereby showing that the estimation of X ApK, is
indeed a valid tool to dissect the energetic contribution of AG®,,
from AG°5;.

Calculation of the relative base-pairing energy of DR du-
plexes over the isosequential RD duplexes, [AAG°,,]or rp> Can
simply be achieved by multiplying £ ApK,pr rp) Values with
2.303RT™ (eqn (2a) and Table S5). Thus, the subtraction of
this [AAG°,,Jor ro from the difference of total free-energy of
isosequential DR and RD duplexes, [AAG°s;]pr rp, giVES US
directly the relative contribution of stacking, [AAG°sycing]or rD>
(eqn (3) and Table 1).

[G°37] = [AG® buse-pairing o] F [AG® stackine] (H

[AG® sucking] = [AG° 5] — [AG,] 2

[AG® ] = 2.303RT DK, i donors acceptors in the duplex) (2a)
[AG® ] = [EAG® s, midatevp] + [ZAG ik, terminat o] (2b)
[AAG®y,lor v = [EAAG® ik, @it by Ior RD (2¢)

[AAGOs[acking]DmRD =[AAG°y]pr rp — [AAGobp]DRfRD (3)

Finally, Fig. 3A shows (eqn (2¢)) that as the number of excess
T ([%T]pr_rp) increases the relative strength of the base-pairing
[AAG°y,or rp (Table 1) decreases because of weaker A:T
base-pairing compared to that of A:U. But in contradistinction,
as the number of excess T ([%T]pr rp) increases, the relative
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Fig. 2 Panels (A) and (B) show linear regression plots of [AG°3;]pr
versus (EApK,)pr and [AG°s; ]rp versus (X ApK,)rp. For details of L ApK,
calculation of all base-pairings, (see Table S3 in SI). Panels C and D show
similar regression plots of overall free-energy of stabilization for DD and
RR duplexes as a function of ZApK, (i.e. the sum of pK, differences
between the model monomeric donors and acceptors) (Scheme 1 of ref.
14) for the sake of comparison. The TA or AT rich sequences (in blue), 7
and 12 in RD (Panel B) and 7, 11, 12, 13, 14 in DR (Panel A), 7 and 12 in
DD (Panel C) did not show any correlation because of Me(T)-nN (N =
A/G/C/T) interaction”® which make the AT tracts robust and gives a
rigid geometry. Hence these duplexes show unusual melting tendencies.
Again, 7, 11, 12, 13, 14 in RR duplexes (Panel D) also show unusual
melting tendencies because of high content of A—U base-pairings which
gives relatively more rigid geometry for those RR duplexes compared to
the other RRs with fewer A-U base-pairings'® (1-14, marked with the
chain length size as the subscript).*
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Fig. 3 Panel (A) shows that with the increase in the excess %T, [%T]pr rp, in DR with respect to RD the relative base-pairing energy, [AAG°,,]or rp»
decreases (R = 0.93). Panel (B) shows that with the increase in [%T]pr rp in DR with respect to the RD the relative stacking energy, i.e. [AAG® uckinglbr rD
increases (R = 0.96). The [% T]pr_rp interactions signify the sum of excess % of Me(T)-n(A/G/C/T) interactions plus the excess % of Me(T)-Me(T)
interactions. All sequences with their sequence number (Table 1) and chain length as the subscript are given in the Fig. 1.

strength of the stacking forces (JAAG°ucinglor rp) 1NCreases
(eqn (3)) (Fig. 3B) because of more number of Me-T inter-
actions with the neighboring nucleobases.

Conclusions

The dissection of the relative energetic contribution from the
base-pairing and stacking in the relative free-energy of stabi-
lization (AAG®s; from AT ,,) of the isosequential heteroduplexes
(DR and RD) has been achieved by examining the AG°;; as a
result of variation of the number of T in the D strand in the
DR duplex vis-a-vis that in the RD duplex. This has been only
possible in the heteroduplexes (DR/RD) because in these types
of duplexes T can be placed only in the DNA strand and U can
be placed in the RNA strand in order to examine the effect of
excess of %T in the D strand.

(1) One of our major conclusions is that the intrastrand
stacking interaction between the C5-methyl group of 1-thyminyl
and the 7 cloud of the neighboring nucleobase as well as Me(T)-
Me(T) interactions plays the dominant role over other stacking
interactions. This is because when [%T]pr rp are nearing zero,
[AT ,]orrp are also very close to zero (Fig. 1). This means that
the other stacking interactions in the pairs 1-14 (Table 1) are
relatively small.

(2) The relative AG°,, decreases as the number of excess Ts in
DR over RD increases (Fig. 3A).

(3) As the number of excess T increases in DR compared to
isosequential RD, the relative stacking stabilization in DR in-
creases because of the methyl-T effect [Me(T)-Me(T) + Me(T)-
n(N), N = A/G/C/T, interactions] (Fig. 3B and Table 1).

(4) Clearly, this work shows that such methyl-T effect in the
stabilization of DD duplexes should also play a key role in the
overall AG®5; of DD. This methyl-T effect can however be only
distinguished by the present comparison of DR versus RD in
which we can fully control the presence of T in the D strand
when the R strand can be constituted of only U. This means that
using our present strategy, we compare only stabilization owing
to the intrastrand T stacking interactions in the D strand and
interstrand A:T base-pair interactions compared to intrastrand
U interaction and A:U base-pair.

(5) The highest bonding energy is found for the single
hydrogen bond, when the two negative atoms in the best donor
and acceptor can freely adopt a collinear orientation. Clearly
the pK, matching in those cases are fully applicable. The role
of pK, matching for those cases which form two or three
hydrogen bonds, as in the base-pairs of DNA-RNA duplexes
which deviate from the collinear orientation, has not so far
been energetically estimated. Electrostatic calculations in the gas
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phase however suggest that deviation from linearity can lead to
a decrease in the hydrogen-bonding energy,*” which is however
difficult to compare with the solution state conformation. Since
the N-H---O angle in base-base interactions in homo and
hetero duplexes are known to vary by 3-23°3 it is therefore
likely that our estimation of the relative strength of the base-
pairing [AG°y,]or rp from X ApK,pr rp; Values may have some
intrinsic error, which we however can not estimate' accurately
despite the fact that our pK, measurement error is £0.02, which
means that we have an error of £0.1 kJ mol™ in our experimental
AG°, calculation. Our control study on the pK, matching
of ribo(G:C) and 2’-deoxyribo(G:C) showed a difference in
AAAG® k, of only 1.0 kJ mol™" for a base-pair,’* owing to the
fact that their respective sugar conformations represent two
extreme conformations in the pentose-sugar pseudorotational
cycle (which may bring about different energy cost for their
respective hydration). This means that the A:U base-pairs are
stabilized over the A:T base-pairs by at least 1.0 + 0.2 kcal
mol™' by our pK, matching procedure based on AAAG®,.
Interestingly, this observation goes hand-in-hand with the recent
comparative TROSY study® with homologous RNA and DNA
sequences in the solution, which shows again 0.4 kcal mol~!
stabilization of A:U over the A:T base-pairs. Although recent
high-level quantum-mechanical gas phase study of A:U versus
A:T dimeric base-pairs suggests only a marginal difference
(0.1 kcal mol™) in the stability of A:T and A:U base-pairs,
this discrepancy can perhaps be attributed to their modeling
in the gas phase compared to the thermodynamic parameters
produced in the actual experimental solution studies,'*" as the
authors® have rightly pointed out.

Further convincing experimental data that supports the fact
that the A:U base-pairing is indeed stronger than A:T base-
pairing can be found through the present work (Fig. 3A)
that as the number of excess T increases in the D strand the
relative strength of the base-pairing in the heteroduplexes simply
decreases but the relative strength of the stacking forces increases
(Fig. 3B) because of more number of Me-T interactions with
the neighboring nucleobases.

Experimental
(A) pH-dependent 'H NMR measurement

All NMR experiments were performed in Bruker DRX-500
and DRX-600 spectrometers. The NMR samples of all 2'-
deoxy (6a—10a) and ribo (6b-10b) pairs of nucleoside 3',5-bis-
ethylphosphates, Etp(d/rN)pEt, and 2'-deoxy (1a—5a) and ribo
(1b-5b) pairs of nucleoside 3'-ethyl-phosphates were prepared
in D,O solution'*(concentration of 1 mM in order to rule
out any chemical shift change owing to self-association) with





Opss = 0.015 ppm as internal standard. All pH-dependent NMR
measurements have been performed at 298 K. The pH values
[with the correction of deuterium effect] correspond to the
reading on a pH meter equipped with a calomel microelectrode
(in order to measure the pH inside the NMR tube) calibrated
with standard buffer solutions (in H,O) of pH 4, 7 and 10. The
pD of the sample has been adjusted by simple addition of micro
liter volumes of NaOD solutions (0.5 M, 0.1 M and 0.01 M).
The assignments (see Supporting Information of ref. 14) for
all compounds have been performed on the basis of selective
homo-("H) and heteronuclear (*'P) decoupling experiments. All
'H spectra have been recorded using 128 K data points and 64
scans.

(B) The pH titration of aromatic protons

The pH titration studies [over the range of pH 1.8 < pH <
12.2, with an interval of pH 0.2-0.3,] for 2'-deoxy (6a—10a)
and ribo (6b-10b) pairs of nucleoside 3',5'-bis-ethylphosphates,
Etp(d/rN)pEt, and four 2’-deoxy (la—5a) and ribo (1b-5b)
pairs of nucleoside 3'-ethylphosphates.** All pH titration studies
consist of ~20-33 data points and the corresponding Hill plots
for all compounds are given in the Supporting Information of ref
14 and the pK,s shown in Table 1 (ref 14) have been calculated
from Hill plot analysis.

(C) pK, determination

The pH-dependent [over the range of pH 1.8 < pH < 12.2,
with an interval of pH 0.2-0.3] '"H chemical shifts (6, with
error £0.001 ppm) for all compounds (for 2'-deoxy series: 1a—5a
and 6a—10a as well as ribo series: 1b-5b and 6b-10b)** show a
sigmoidal behavior (Fig. 1)."* The pK, determination is based
on the Hill plot analysis using equation: pH = log ((1 — a)/a) +
pK., where a represents fraction of the protonated species. The
value of a is calculated from the change of chemical shift relative
to the deprotonated (D) state at a given pH (Ap = dp — s fOr
deprotonation, where d., is the experimental chemical shift at
a particular pH), divided by the total change in chemical shift
between neutral (N) and deprotonated (D) state (Ar). So the
Henderson-Hasselbach type equation can then be written as
pH =log (Ar — Ap)/Ap) + pK,. The pK, is calculated from the
linear regression analysis of the Hill plot.**

(D) T, and corresponding Gibb’s free energies of hybrid
duplexes

T, data and corresponding Gibb’s free energy of duplex
formation of 14 isosequencial DNA-RNA hybrid duplexes have
been taken from Lesnik et al.*
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Current methods for glycosylation of complex alcohols, e.g. with glycosyl trichloroacetimidates, generally occur in the
presence of a strong Lewis acid ‘promoter’, and at sub-ambient temperatures. However, the older literature reports
high-temperature glycosylations, especially of phenols. We have described an efficient method for glycosylation of
alcohols under neutral conditions, using as anomeric leaving group methyl 3,5-dinitrosalicylate (DISAL). Only a very
few reports have described the use of microwaves to promote glycosylations, mainly of simple alcohols. Here we
describe fast, high-temperature glycosylations using precise microwave heating in the synthesis of oligosaccharides,
with both DISAL and widely used trichloroacetimidate glycosyl donors in the absence of strong Lewis acids. Also,
we have applied microwave heating as a general protocol for evaluating new, potential glycosyl donors.

Introduction

Glycoconjugates play crucial roles in the development, growth,
and proper function of an organism.! There are numerous
biologically important poly- and oligosaccharides, e.g., in gly-
cans of O- and N-glycopeptides and -proteins, tumor-associated
antigens, lipochitin nodulation factors, and amino glycoside an-
tibiotics such as streptomycin. Synthesis of oligosaccharides of
these glycoconjugates provides important tools for glycobiology.
Most glycosylation protocols rely on Lewis acid ‘promoters’
for activation of an anomeric leaving group, and glycosylations
of aliphatic alcohols have generally been performed at below
ambient temperature.> However, aryl glycosides can often be
prepared in the absence of a Lewis acid promoter, e.g., by
generation of a phenoxide nucleophile or by nucleophilic
aromatic substitution.® Also, classical work by Helferich and
others described high-temperature glycosylations, especially of
phenols.* Novel methods for glycosylation of aliphatic alcohols
in the absence of strong Lewis acids, i.e. under mild conditions,
hold great promise.> We have described a new, efficient method
for glycosylation under strictly neutral or mildly basic condi-
tions, or in the presence of lithium salts.’ In this glycosylation
technique, the anomeric leaving group on benzyl- or benzoyl-
protected donors is methyl 3,5-dinitrosalicylate (DISAL) or
its para regioisomer. The potential of DISAL glycosyl donors
was demonstrated in their successful application to solution-
phase®* and solid-phase® oligosaccharide synthesis, glycosy-
lation of natural product analogs (phenazines), as well as
intramolecular glycosylation via a novel 1,9-glycosyl shift.>
DISAL glycosyl donors are prepared by a convenient and robust
nucleophilic aromatic substitution protocol. These glycosyla-
tions are operationally simple and can be carried out in standard
plastic vials. However, to further optimize this procedure we
needed to shorten reaction times and improve yields.
Microwave heating can dramatically increase reaction rates
in organic chemistry.® Modern microwave instruments allow
precise control of temperature and pressure in sealed reaction
tubes. However, changing the reaction temperature may alter
the distribution between the main reaction and side-reactions,
hence, while precise microwave heating can promote many
reactions, not all reactions will benefit.” This technique has not
been employed widely in glycosylations, with few exceptions.?
Fraser-Reid and co-workers reported microwave-promoted gly-
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cosylation at 100 °C with n-pentenyl orthoesters in the presence
of the strong Lewis acid N-iodosuccinimide (2.2 equiv).¥ We
hypothesized that glycosylations under mild conditions, i.e.
in the absence of Lewis acid, could benefit from promotion
by elevated temperatures. We were encouraged by preliminary
results in which glycosylation of a secondary hydroxyl with a
DISAL donor had proceeded with high B-selectivity by brief
microwave heating to 130 °C.¥

Anomeric trichloroacetimidates are widely used glycosyl
donors. They are conventionally activated by strong Lewis
acids such as trimethylsilyl trifluoromethanesulfonate® or boron
trifluoride etherate.'® However, these promotors require special
attention regarding temperature and moisture. Efficient glyco-
sylations with trichloroacetimidates in the absence of strong
Lewis acids would be desirable. Waldmann,!! Lubineau'? and co-
workers have observed that glycosylation with trichloroacetimi-
dates could be promoted by lithium salts at ambient temperature,
albeit requring long reaction times. Our guiding question was
whether precise microwave heating can be used in general to
promote and accelerate a-selective glycosylations with DISAL
donors and with well-established glycosyl trichloroacetimidates.

Thus, we studied the synthesis of oligosaccharides in the
absence of added Lewis acids with microwave heating, aim-
ing to determine general conditions for microwave-promoted
glycosylations. We investigated glycosylations with DISAL and
trichloroacetimidate donors, as well as reactions with glycosyl
donors carrying a modified DISAL leaving group. Microwave
heating was performed in closed (septum) vessels in a Biotage
Initiator instrument. Reaction times were generally 5-40 min
and the temperature in the 100-150 °C range. Reaction times
without microwave heating had been up to 31 h.

Results and discussion

First, can glycosylations with a DISAL donor be accelerated by
precise microwave heating? To answer this question we repeated
previous experiments but now under microwave conditions
(Scheme 1, Table 1). First, the reaction time for (solvolytic)
glycosylation of methanol with DISAL donor 1 was reduced
from 6 h at 30 °C* to 5 min at 100 °C (Table 1, entry 1).
Importantly, the reaction proceeded with inversion, as before.
Similarly, glycosylation of cyclohexanol (5 equiv) in NMP also
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Table 1 Glycosylations with DISAL donor 1 (a/p 4.7 : 1)

Entry Acceptor Additive, solvent Microwave Product, yield (a/f ratio)
1 MeOH MeOH 100 °C, 5 min 2,91%(1:4.4)
2 Cyclohexanol NMP 100 °C, 5 min 3,71%2.1:1)
3 4 NMP 130 °C, 40 min 5,60% (1.9:1)
4 4 LiClO,, (CH,Cl), 100 °C, 30 min 5,97% 2 :1)
5 6 LiClO,, (CH,Cl), 100 °C, 40 min 7,72% (4: 1)
OOH
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Scheme 1 Microwave promoted o-selective 1,6- and 1,4-glycosylation
with DISAL donor 1. Conditions and results in Table 1.

proceeded in 5 min at 100 °C (entry 2) (previously 2 h at 40 °C
in NMP).> It was gratifying to see that microwave heating
at 130 °C accelerated the glycosylation of monosaccharide
4 to give disaccharide 5 in 60% yield (entry 3). Performing
the same reaction in (CH,Cl), with LiClO, improved the
yield to an impresive 97% (entry 4). The 4-OH in GIcNAc
derivatives is considered one of the most challenging hydroxyls
to glycosylate.® Tt was very rewarding to see that the 4-OH in
GIcNACc derivative 6% was glycosylated in a high yield of 72%
(a/B4:1) (entry 5).

Next, can the reactivity of the DISAL donor be ‘tuned’ by
substituting its methyl moiety for a sterically or electronically dif-
ferent group? To test this, the 2-propyl (9) and 2-(4-nitrophenyl)
(10) ester analogs of DISAL were prepared and subjected to
the above conditions for microwave glycosylation (Scheme 2).
Thus, the aryl fluoride 2-fluoro-3,5-dinitrobenzoic acid (8) was
converted to the 2-propyl ester 9 by treatment with oxalyl
chloride (cat. DMF) followed by 2-propanol. The 2-propyl
DISAL glycoside 11 was synthesized using the standard protocol
for the preparation of DISAL glycosides. The nitrophenyl
DISAL donor 12 was prepared in the same way.

Solvolytic glycosylation of MeOH with 2-propyl DISAL
donor 11 proceeded in 5 min at 100 °C (Table 2, entry 1).
Glycosylation of cyclohexanol (5 equiv) with conventional
heating in NMP at 60 °C required 31 h (Table 2, entry 2). The
same reaction but with microwave heating at 100 °C took only
5 min (Table 2, entry 3; somewhat lower yield but with improved
a-selectivity). In these experiments the 2-propyl DISAL donor
showed no real advantages compared to the original DISAL
leaving group. Somewhat surprisingly, the nitrophenyl DISAL
donor 12 proved less reactive (Table 2, entry 4). However, these
microwave conditions provided a fast method for the evaluation
of these modified DISAL glycosyl donors.

Finally, we wanted to study whether glycosylations with
widely used trichloroacetimidates could be accelerated by mi-

Table 2 Glycosylation with donors 11 and 12

Og_OH
>-o o 0s O
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12 R: 4-nitrophenyl : :

Q
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Scheme 2 Synthesis of DISAL donors 9 and 10 and subsequent glyco-
sylations. Reagents and conditions: (a) 1) oxalyl chloride, DMF, DCM,
r.t.; ii) 2-propanol, 78%; (b) i) SOCL,, THF, 80 °C; ii) 4-nitrophenol,
THE, pyridine, 0 °C, 92%; (c) Li,CO;, DMAP, CH,Cl,, r.t., 20 min; (d)
see Table 2.

2R CHj
3 R'": cyclohexyl

crowave heating under very mild conditions. Thus, 2,3,4,6-tetra-
O-benzyl-D-glucopyranosyl trichloroacetimidate 13" was used
to glycosylate cyclohexanol, the galactose derivative 4, and the
glucose derivative 14 (Scheme 3 and Table 3).

Q
BnO
4 BnO o

LiCIO,, (CH,Cl),
LW, 100 °C
OBn

LiCIOy, (CH,Cl), e
uW, 100 °C

Scheme3 Microwave-promoted disaccharide synthesis using trichloro-
acetimidate donor 13 (Table 3).

Waldmann'! reported that glycosylation of cyclohexanol with
13 in 1 M solutions of LiClO, in either Et,O or DCM gave the
cyclohexyl derivative 3 in 50-63% yield after 24 h. We now report
that the same reaction in (CH,Cl), with 0.09 M LiClO, under
microwave irradiation for 5 min at 100 °C increased the yield to
80% (Table 3, entry 1).

Entry Donor (o/f ratio) Conventional Microwave Product, yield (a/f ratio)
1 11(>49:1) — 100 °C MeOH, 5 min 2,73% (1:17)

2 11 (>1:49) 60 °C, cyclohexanol, NMP, 31 h — 3,82%(1:1)

3 11 (>1:49) — 100 °C, cyclohexanol, NMP, 5 min 3,64% (6.5: 1)

4 12 (>1:49) — 150 °C, MeOH, 2 x 10 min 2,54%(2:1)
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Table 3 Microwave glycosylation with donor 13 in (CH,Cl), in the presence of LiClO,

Entry Donor Acceptor Reaction time Product, yield (a/f ratio)
1 13 Cyclohexanol 5 min 3,80%(2:1)

13 4 25 min 5,80%(1:1)
3 13 14 30 min 15,72% (1.5: 1)

The glycosylation of 4 with 13 under microwave conditions
increased the yield from its previous value of 45-47% to 80%.
In this case, the time for microwave irradiation was increased
to 25 min to ensure complete conversion to the disaccharide
5 (Table 3, entry 2). Finally, the glycosylation of acceptor 14
proceeded in 72% yield after 30 min of microwave irradiation
at 100 °C (entry 3). This compares favorably with the results
obtained by Lubineau' using LiOTf (0.5 equiv), which gave
77% vyield after 86 h. These glycosylations gave o/ ratios
comparable to those obtained by Waldmann'' and Lubineau.'
During our microwave-promoted glycosylations, no hydrolysis
or rearrangement of the trichloroacetimidate was detected.

Summary

In conclusion, microwave heating to 100-130 °C efficiently
promoted O-glycosylations with DISAL donors in either NMP
or (CH,CI), with LiClO,. Even the difficult 1,4-glycosylation of
a GlcNAc derivative was achieved. Glycosylation with widely
used trichloroacetimidates in the presence of LiClO, were also
promoted by precise microwave heating. These glycosylations
are operationally simple. The obtained o/f ratios were compa-
rable to those previously obtained at 20-60 °C; glycosylation of
sterically demanding alcohols with DISAL donors proceeded
with o-selectivity. The key to this success appears to be the
absence of strong Lewis acids. These conditions have also been
applied in the screening of new, potential glycosyl donors.
Evaluation of two new DISAL donor analogs under microwave
conditions showed that they could O-glycosylate, but that they
had no improved properties compared to the original DISAL
donor. We have thus demonstrated that heating to temperatures
hitherto not generally applied can be used to accelerate slow
glycosylations in oligosaccharide synthesis. Here, we have fo-
cused on o-selective glycosylations; very recently we reported
a [B-selective glycosylation under comparable conditions.” We
believe that the simplicity and efficiency of these microwave-
promoted glycosylations in the absence of strong Lewis acids
should make these protocols widely applicable.

Experimental

Molecular sieves (4 A) were activated under high vacuum at
150 °C for 24 h. CH;NO, was purified by vacuum distillation
to remove the water-CH;NO, azeotrope, and stored in dark
bottles over 4 A molecular sieves. The water content (<20 ppm)
was measured by Karl-Fischer titration. All other solvents were
distilled and/or stored over 3 A or 4 A molecular sieves as
appropriate. Analytical HPLC was performed on a Waters 600
system with a 996 diode array detector and a 717 Autosampler
equipped with a 3.9 x 50 mm Nova-Pak C18 4 um 60 A column.
The following solvents were used: 0.1% TFA-H,O (A); 0.1%
TFA-CH;CN (B); H,O (C); CH,CN (D). Analytical HPLC
was performed on microfiltered or centrifuged 0.1% solutions
in MeCN (for more hydrophilic compounds, solubility was
improved by addition of water). The following programs were
used:

Program A: 0.00 min: 1.00 ml min~', 95.0% A, 5.0% B; 7.00
min: 1.00 ml min~', 5.0% A, 95.0% B; 8.50 min: 1.00 ml min~!,
5.0% A, 95.0% B; 9.00 min: 1.00 ml min™', 95.0% A, 5.0% B;
15.00 min: 1.00 ml min~!, 95.0% A, 5.0% B.

Program B: 0.00 min: 1.00 ml min~', 95.0% C, 5.0% D; 7.00
min: 1.00 ml min~!, 5.0% C, 95.0% D; 8.50 min: 1.00 ml min~',
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5.0% C, 95.0% D; 9.00 min: 1.00 ml min~', 95.0% C, 5.0% D,
15.00 min: 1.00 ml min~', 95.0% C, 5.0% D.

Characteristic absorption maxima were: Bn: 256-257 nm,
DISAL-OH: 220 nm and 286 nm.

Preparative HPLC was performed on a Waters 600 system
with Waters 996 diode array detector and three consecutive
columns (40 x 100 mm prep. NOVA Pak HR Cl18 6 um
60 A units). Linear gradients of CH;CN (D) and water (MilliQ)
(C) were used.

Program A: 0.00 min: 0.00 ml min~', 95.0% C, 5.0% D;
1.00 min: 20.00 ml min~!, 95.0% C, 5.0% D; 20.00 min:
20.00 ml min~', 50.0% C, 50.0% D; 60.00 min: 20.00 ml min~',
5.0% C, 95.0% D; 75.00 min: 20.00 ml min~', 0.0% C, 100.0%
D; 81.00 min: 0.00 ml min~', 0.0% C, 100.0% D.

'H, BC, gHSQC, HMBC and H,H-COSY NMR spectra were
recorded on a Bruker Avance 300 spectrometer. The chemical
shifts are referred to the residual solvent signal. Chemical shifts
(0) values are in ppm, coupling constants (J) are in Hz. Mass
determination (high-resolution MS, HR-MS) was performed
on a Micromass LCT instrument with an ESI probe. For
TLC, Merck TLC aluminum sheets coated in silica gel 60 F,s,
were used. Compounds containing UV-absorbing groups were
visualized under UV light (254 nm), and carbohydrates were
developed with 2 M H,SO, followed by charring with a heat
gun. Vacuum liquid chromatography (VLC) was performed on
columns of Merck 60H silica packed under vacuum. The crude
product was dissolved in CH,Cl,, the equivalent amount of silica
added, concentrated, placed on the column and finally covered
with acid-rinsed sea sand. Chromatography was thereafter run
with the appropriate eluents until the product was collected.
Microwave experiments was carried out in a Biotage Initiator
(Biotage, Sweden). The reaction times are specified as the ramp
time, and the hold times at the final temperature. Temperatures
are measured by IR, and pressure via the septum. The new
compounds described in this paper are all fully characterized.
All known compounds have been verified by NMR and ESI-MS.

Isopropyl 2-fluoro-3,5-dinitrobenzoate (9)

In a dry, round-bottomed flask, 2-fluoro-3,5-dinitrobenzoate
(8) (305 mg; 1.3 mmol) was dissolved in dry DCM (9 mL).
Dry DMF (30 uL) was added and oxalyl chloride (125 pL;
1.45 mmol) was added to the solution. Moderate gas evolution
from the solution was seen after addition of oxalyl chloride.
After 90 min dry 2-propanol (0.71 mL) was added, and after an
additional 60 min the reaction mixture was concentrated under
vacuum, yielding a yellowish-white powder. Recrystallization
from toluene-hexane gave white crystals (284 mg; 78%), mp 92—
93°C.'"HNMR (300 MHz, CDCl;): 9.05 (s, 2H, H, + H,), 5.35
(m, 1H, (CH;),CH), 1.46 (s, 3H, CH;), 1.44 (s, 3H, CH,;). *C
NMR (75 MHz, CDCl,): 160.2, 157.7 (d, 1C, Jor = 287 Hz,
C-F), 142.7, 138.7, 131.6, 125.6, 124.0, 71.5, 21.8, 21.8.

4-Nitrophenyl 2-fluoro-3,5-dinitrobenzoate (10)

To 8 (2.3 g; 10.0 mmol) in a dry round-bottomed flask was
added thionyl chloride (40 mL) under Ar. The reaction mixture
was refluxed for 2 h 45 min, followed by the removal of thionyl
chloride under reduced pressure. The residue was further dried
under high vacuum, resolubilized in dry THF (40 mL) and
cooled to 0 °C. 4-Nitrophenol (1.4 g; 10.0 mmol) with dry
pyridine (810 puL) in dry THF (10 mL) was added dropwise





under Ar over 5 min. After 15 min, the cold bath was removed
and the reaction mixture was filtered over a layer of silica gel,
which was subsequently washed with THF (3 x 20 mL). The
organic fractions was pooled and concentrated to dryness under
vacuum, and crystallized from toluene to yield slightly yellowish
crystals (3.2 g; 92%), mp 146-147 °C. '"H NMR (300 MHz,
CDCL): 9.25 (dd, 1H, Jy, ¢ = 5.3 Hz, Jy, n, = 2.8 Hz, H,),
9.19 (dd, 1H, Jy, r = 5.8 Hz, Jy, u, = 3.0 Hz, H,), 8.9 (d, 2H,
Jusmy = 9.2 Hz, Hy), 7.51 (d, 2H, Jy, = 9.0 Hz, Hy).
BC NMR (75 MHz, CDCl,): 158.4, 158.3, 158.1 (d, 1C, Jo ¢ =
289 Hz, C-F), 154.2, 146.2, 142.9, 132.0, 132.0, 126.2, 125.6,
125.6,122.9, 122.9.

Synthesis of DISAL and DISAL-derived donors 1, 11, and 12

The hemiacetal (0.75 mmol), Li,CO; (110 mg) and DISAL or
the DISAL derivative (0.9 mmol) were suspended in dry CH,Cl,
(15mL). A solution of DMAP (28 mg) in dry CH,Cl, (2 mL) was
added dropwise over 20 min at RT. This changed the color of the
mixture from colorless to yellow to orange. After a total reaction
time of 30 min the crude reaction mixture was transferred to a
packed VLC column. Elution was performed using CH,Cl,—
Et,O (95:5).

2,4-Dinitro-6-(methoxycarbonyl)phenyl
2,3,4,6-tetra-O-benzyl-o,p-D-glucopyranoside (10./)

The observed NMR data were identical with literature
values. >/

2,4-Dinitro-6-(isopropoxycarbonyl)phenyl
2,3,4,6-tetra-O-benzyl-o,p-D-glucopyranoside (11)

Obtained as a slightly yellow foam (569 mg; 97%, o/f 3 : 1)
after evaporation of solvents from column chromatography. 'H
NMR: (300 MHz, CDCl;): 8.78 (d, 1H, H, + H,), 8.74 (d, 1H,
H, + H,), 8.64 (d, 1H, H, + H,), 8.54 (d, 1H, H, + H,), 7.47-
7.20 (m, 40H, H,..), 5.63 (d, 1H, Ju, w, = 3.3 Hz, H-1a), 5.31
(m, 2H, (CH;),CH, both anomers), 5.20 (d, 1H, Jy, 1, = 7.2 Hz,
H-1B), 5.04 (m, 3H, Ph—CH), 4.80 (d, IH, Ph-CH), 4.70 (d, 1H,
Ph-CH), 4.60 (d, 1H, Ph—CH), 4.59 (m, 2H, Ph-CH,), 4.50 (d,
1H, Ph—CH), 4.46 (d, 1H, Ph—CH), 4.39 (m, 2H, Ph-CH), 4.14
(1H, Jypu; = 10.0 Hz, H-3a), 4.02 (ddd, 1H, Jysus = 10 Hz,
Juss = 2.2 Hz, H-50), 3.79-3.71 (m, 5H, H-4a, H-30, H-2B,
H-6B), 3.68-3.57 (m, 3H, H-20, H-6a, H-3B), 3.60 (dd, 1H, H-
4pB), 3.34 (ddd, 1H, H-5p), 1.43 (m, 12H, (CH;),CH). *C NMR:
(75 MHz, CDCl;): for both anomers 162.7, 162.3, 153.8, 151.3,
144.7-122.4,104.6, 103.4, 84.1, 82.1, 81.4, 80.9, 76.5, 75.8, 75.6,
75.1,75.1,75.0,74.1,73.9,73.5,71.2,71.0,68.7, 67.9, 53.4, 29.7,
21.8, 21.7, 21.6. ES-MS: m/z caled. for C,,H,xN,O,Na [M +
NH,]* 810.32; found 810.34.

2,4-Dinitro-6-(4-nitrophenoxycarbonyl)phenyl
2,3,4,6-tetra- O-benzyl-o,p-D-glucopyranoside (12)

Obtained as a white foam (200 mg; quant.; a/p 2 : 1) after
evaporation of solvents from column chromatography. 'H
NMR: (300 MHz, CDCl,): 8.98 (d, 1H, Jy, n, = 3.0 Hz, H,), 8.87
(d, 1H, Jy, u, = 2.6 Hz, H,), 8.18 (d, 2H, Jy," s,y = 9.6 Hz, H,"),
8.09 (d, 2H, Jy, u, = 9.2 Hz, Hy'), 7.35-6.79 (m, 40H, H,.m),
6.52(d, IH, Jy,m, = 3.6 Hz, H-10), 5.73 (d, 1H, Jy, n, = 7.7 Hz,
H-1B), 4.85-4.44 (m, 16H, PhCH), 3.82-3.48 (m, 12H, H-2, H-
3, H-4, H-5, H-6,,, from both anomers). *C NMR: (75 MHz,
CDClL): 161.8-159.0, 150.7, 150.1, 144.3-137.2, 131.1-124.8,
116.1, 115.7, 95.2, 93.6, 84.7, 81.3, 80.7, 78.6, 76.4, 75.7, 75.5,
75.3,75.0, 74.8, 73.8, 73.6, 73.6, 73.5, 68.0, 67.8. ESI-MS: m/z
caled. for C,;H,;sN;O,Na [M + NH,]* 889.29; found 889.30.

Optimization of glycosylation conditions (Table 1 + 2)

Conventional heating: The glycosyl donor (0.027 to 0.05 mmol)
was dissolved in dry methanol or dry NMP (1 mL) in a

microcentrifuge tube (Plasticbrand), crushed 3 A molecular
sieves were added, and for the glycosylation of cyclohexanol
(5 equiv.), NMP was added. The mixture was stirred at 60 °C,
during which time the progress of the reaction was monitored
by HPLC and TLC (30% EtOAc in hexane). Evaporation
of the solvent was followed by purification by either VLC
chromatography (hexane-EtOAc 18 : 1 — 1 : 1) or preparative
HPLC to give the products indicated in Table 2.

Microwave heating: The glycosyl donor (typically 0.05 mmol)
were dissolved in either dry methanol or NMP (500 puL), and in
the case of NMP, cyclohexanol (0.25 mmol) was added followed
by mixing. The reaction mixture was subjected to microwave
radiation for 5 min at 100 or 150 °C (see Tables 1 and 2), a
sample (12 uL) was diluted in acetonitrile (0.7 mL) and analyzed
by analytical HPLC. From a series of test reactions, the product
was purified by preparative HPLC and characterized by NMR
and ES-MS.

Methyl 2,3,4,6-tetra- O-benzyl-o,$-D-glucopyranoside (2a./ )

The observed NMR data were identical with literature values.'

Cyclohexyl 2,3,4,6-tetra-O-benzyl-a,-D-glucopyranoside (3a./f)

The observed NMR data were identical with literature values.'®

General procedure for the microwave-assisted glycosylation
reactions (Table 1-3)

The glycosyl donor (0.075 mmol, 1.5 equiv), the glycosyl
acceptor (0.05 mmol, 1 equiv), activators and additives (if
required — see Tables 2 and 3), crushed 3 A molecular sieves,
and a magnetic stirrer bar were placed in a 5 mL microwave
reaction vial and fitted with a septum, which was then pierced
with a needle. The closed vial was then evacuated under high
vacuum; Ar was let in followed by re-evacuation. This cycle
was repeated twice and the mixture left to dry for 1-2 h. Ar
was let in, the needle was removed, dry solvent (500 puL) was
added under argon and the reaction mixture was subjected to
microwave radiation for 5min at 100 °C (unless stated othervise).
The reaction mixture was transferred to a 15 mL Falcon plastic
tube, centrifuged for 3 min at 4000 rpm and the supernatant was
transferred to a new 15 mL Falcon plastic tube and concentrated
to dryness under a stream of air. The residue was loaded onto a
preparative HPLC column with 2 mL of CH;CN and purified,
followed by evaporation of appropriate fractions.

1,2;3,4-Di-O-isopropylidene-6- 0-(2,3,4,6-tetra- O-benzyl-a,-D-
glucopyranosyl)-a-D-galactopyranoside (Sa./f})

The observed NMR data were identical with literature values."”

Methyl 2-acetamido-3,6-di-O-benzyl-2-deoxy-4-0-(2,3,4,6-tetra-
O-benzyl-o.,-D-glucopyranosyl)-a-D-glucopyranoside (7a./ )

The observed NMR data were identical with literature values.>®

0-(2,3,4,6-Tetra-O-benzyl-g-p-
glucopranosyl)trichloroacetimidate (13)

A solution of 2,3,4,6-tetra-O-benzyl-D-glucopyranose (1 g;
1.8 mmol) and trichloroacetonitrile (16 mL) in dry CH,Cl,
(65 mL) was stirred vigorously with anhydrous K,CO; (6.5 g)
over night at room temperature under Ar atmosphere. The
mixture was diluted with dry Et,O (30 mL) and filtered through
a layer of sand and silica gel. The silica gel layer was washed
several times with Et,O and the combined filtrates were evapo-
rated to give the trichloroacetimidate in a chromatographically
pure form as a colorless syrup (quantitative) as the 3 anomer.
The observed NMR data were identical with literature values."®
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1,2;5,6-Di-O-isopropylidene-3-0-(2,3,4,6-tetra- O-benzyl-a,f-D-
glucopyranosyl)-a-p-glucofuranoside (15a./ )

The observed NMR data were identical with literature values.!”
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Atropisomeric aromatic amides bearing 2-sulfanyl groups are oxidised by m-CPBA to the corresponding sulfoxides
apparently with very high diastereoselectivity. NMR studies and oxidations of chiral benzamides however indicate
that the kinetic selectivity of the oxidation is in fact relatively poor, and that the final diastereoisomeric ratio
(typically >99:1) is under thermodynamic control, with relatively unhindered Ar—CO rotation readily converting
the less stable to the more stable product diastereoisomer. Molecular mechanics indicates that the thermodynamic
diastereoselectivity results principally from electrostatic repulsion between the C=0 and S-O dipoles.

Introduction

Amide groups bonded to aromatic rings have the potential to
display atropisomerism,' both when the amide is attached to
the ring via the carbonyl group (e.g. 1)** and by the nitrogen
atom (e.g. 2). We (for the former, benzamide class of amide)®
and others (mainly for the latter, anilide or maleimide, class)®
have demonstrated that these atropisomeric amides, with their
perpendicular arrangement of the planar amide group and ring,
undergo stereoselective reactions in which the amide is able
to exert kinetic control over the formation of new stereogenic
centres. We have reported in full our observations of the way in
which an amide group may control addition of an ortholithiated
amide to an aldehyde,® addition of a nucleophile to formyl
and acyl groups in the 2- or 8-positions of a naphthamide,’
and addition of electrophiles to a laterally lithiated amide.® In
this publication, we continue this series of publications with a
report in full® of the results of an investigation of the role of
an adjacent conformationally constrained amide group in the
stereoselectivity of oxidation of some sulfides to sulfoxides. We
show that very high stereoselectivity may be a feature of this
reaction, but only when the reaction is under thermodynamic
control. The kinetically controlled sulfoxidation is by contrast
relatively unselective.

Rl .R? 0]
N Rt L
O==' *NY TR2
R3 Ré R3\©/ R
1 2

Results and discussion

Three sulfides were prepared by ortholithiation of N,N-
diisopropyl-1-naphthamide 3, treating with s-BuLi in THF
(the addition of TMEDA is unnecessary with diisopropyl-
naphthamides)'® and quenching the yellow organolithium with
diphenyl, di-terz-butyl or dimethyl disulfide (Scheme 1).

The three sulfides were treated with m-CPBA at —15 °C in
CH,Cl, (Scheme 2) and the product mixtures were analysed
by NMR spectroscopy both before and after purification.
In principle, two diastereoisomers, anti- and syn-5, could be
formed from each sulfide, but in the event >98% of a single
diastereoisomer was observed by NMR in each case (for a
more accurate quantification for 5a and 5b see below). In the
case of the phenylsulfinyl-substituted amide 5¢ the product
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6 = L

4a (R = Me) 52%
4b (R = t-Bu) 65%
4c (R = Ph) 72%

Scheme 1 Synthesis of 2-sulfanylnaphthamides.

Lok
é\R

[not observed in NMR of
crude reaction mixture]
syn-5a (R = Me) 0%
syn-5b (R = t-Bu) 0%
syn-5¢ (R = Ph) 0%

m-CPBA,

25 °C, CHZCIZ

anti-5a (R = Me) 78%
anti-5b (R = t-Bu) 74%
anti-5¢ (R = Ph) 74%

Scheme 2 Oxidation of 2-sulfanylnaphthamides.

was crystalline and an X-ray crystal structuret (Fig. 1) proved
the anti relative stereochemistry; we assume the other isolated
sulfoxides 5b and 5c are also the anti diastereoisomer.

This seemed to us a remarkable result, and in order to obtain
and characterise the syn diastereoisomer we took the three
sulfoxides anti-5a—c and heated them in toluene at 80 °C for
3 h. For anti-5b some decomposition was observed during this
time, but no new peaks suggestive of another diastereoisomer
appeared in any of the three samples.

This meant that, unless the syn and anti diastereoisomers in
all three cases had identical NMR spectra, which we ruled out as
unlikely, either 80 °C was an insufficiently high temperature to
overcome the kinetic barrier to epimerisation of the sulfoxides,
or the sulfoxide atropisomers were already at thermodynamic
equilibrium and that one (the anti) diastereoisomer was much
more stable than the other. Given that the second row elements

TCrystal data C23H25N07S M = 379.50; orthorhombic P2,2,2,; a =
10712 A; b = 13.782 A; ¢ = 14.260 A; V = 2105.2 A%, T = 293(2) K;
Z =4; u =0.170 mm™'; 4202 reflections; R;,, = 0.042; R, = 0.0314 and
WR, = 0.0877 [I > 2¢(I)]. This data was reported in reference 9. CCDC
reference number 187714. See http://dx.doi.org/10.1039/b511452g for
crystallographic data in CIF or other electronic format.
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Fig. 1 X-Ray crystal structure of anti-5¢c.

P, Si and S typically present poor barriers to bond rotation in
related amides,*" probably due to the length of their bonds to
C, we judged the latter, though remarkable, to be the more likely
explanation for the high selectivity.

If the diastereoisomeric sulfoxides were indeed already in
thermodynamic equilibrium then again there are two possible
ways in which this ratio might have arisen: either the kinetic
stereoselectivity of the sulfide oxidation happens to coincide with
the thermodynamic stability of the products, or the initial kinet-
ically controlled ratio of sulfoxides is, even at room temperature,
rapidly overturned by easy equilibration to a thermodynamically
controlled preponderance of the anti diastereoisomer.

To distinguish between these two possibilities we oxidised
a sulfoxide already containing a chiral centre as well as the
potentially atropisomeric amide axis. Sulfide 6 was available
from previous work on the synthesis of potential atropisomeric
chiral ligands.™ If the kinetic selectivity of the amide-directed
oxidation of 4 is high, then it is reasonable to expect the
oxidation of 6 also to provide a sulfoxide with a high degree of
stereoselectivity. However, the alternative mechanism, by which
the oxidation of 4 gives a single diastereoisomer of 5 by virtue
of epimerisation about the Ar—CO axis after oxidation, is not
possible for 6 since, although Ar—-CO epimerisation may still
take place, there is no available mechanism for inversion of
the relative stereochemistry between the sulfoxide and silicon-
bearing stereogenic centres.

Oxidation of 6 with m-CPBA gave two separable diastereoiso-
mers of the sulfoxide 7 (Scheme 3) in a 3:1 ratio. Both aspects
of the relative stereochemistry of anti-7 are assigned on the
basis of the discussion presented below; in syn-7 the axial

stereochemistry is unknown.
)\ N J\
MesSiOmf O
S<ph

)\ J\ m-CPBA,
anti-7 syn-7

Me;Si O= 25°C, Me38| O=
S CH2C|2
“Ph — =
6
3:1 ratio in NMR of

crude reaction mixture
Scheme 3 Oxidation of a chiral sulfide.

From the poor selectivity in this reaction we concluded that
the selective formation of anti-5 was not due to a simple
stereoselective oxidation of 4 under kinetic control. A more
reasonable explanation of the selective formation of anti-5
consists of a kinetically controlled oxidation of 4, of unknown
selectivity, to yield a mixture of syn- and anti-5, followed by

rapid (at room temperature at least) equilibration about the Ar—
CO bond which converts syn-5 to the thermodynamically more

stable anti-5 (Scheme 4).

+ R
m-CPBA,
ant/- initially formed  syn-5
' as a mixture
—
~

N~ T>ca.0°C permits
Ar—CO rotation to
convert less stable to
more stable sulfoxide

i
i

Scheme 4 Thermodynamic control over stereoselectivity.

In order to discover more about both the kinetic stereos-
electivity of the oxidation and the rate of equilibration of
the diastereoisomers we followed oxidation of Sa by NMR at
temperatures below room temperature. We carried out three
such experiments. In the first, 25 mg of sulfide 4a in CDCl,
was treated, at —70 °C, with a slight excess of m-CPBA and the
resulting mixture lowered into the NMR probe at 0 °C. Spectra
were acquired every 2.7 min for 89 min, and the evolution of
the spectrum during this time is shown in Fig. 2. The second
experiment was identical except the temperature of the probe
was —15 °C; spectra were acquired every 2.7 min for 84 min,
and the evolution of the spectrum during this time is shown in
Fig. 3. In the third experiment, a deficit (ca. 0.9 equiv.) of m-
CPBA was added to 25 mg of sulfide 4a in CDCl; at —70 °C
and the mixture was lowered into the probe at —55 °C. Spectra
were acquired every 2.7 min for 73 min, and the evolution of the
spectrum during this time is shown in Fig. 4.

LA

SO,Me
L,

A total of four separate methyl singlets were discernible during
these experiments: that of the starting sulfide 4a (at 6 = 2.60),
that of an over-oxidation product, the sulfone 8 (atd = 3.25), that
of the anti-sulfoxide anti-5a at 6 = 2.92 and finally a further peak
which we assume, for reasons given below, is the syn-sulfoxide
syn-5a ato = 2.98.

At 0 °C, oxidation of the sulfide is complete even before
the first spectrum is acquired, and a mixture of sulfoxides and
sulfone is immediately evident (Fig. 2). The ratio of anti to syn
sulfoxides in the first spectrum is 92:8; after 10 spectra have been
acquired (27 min) it is 97:3, and by the end of the experiment
(89 min) it is a more or less constant 99:1. The proportion of
sulfone does appear slowly to increase during the experiment,
but assuming that any differential rate of oxidation of the
two sulfoxides to the sulfone is negligible, the change in ratio
confirms our rationalisation of the source of stereoselectivity.
The conversion of syn- to anti-Sa follows a first order rate law
with k, (the rate constant for Ar—CO rotation) = 0.0005 s™'

0 °C, or a half-life of 20 min.

At —15 °C, oxidation of the sulfide is incomplete in the first
few spectra (Fig. 3), but an initial ratio of 75:25 anti:syn-5a is
evident, which slowly decreases to 91:9 during the course of the
reaction, as the amount of sulfone 8 also increases to about 15%
of the total. However, we were able to establish that the change
in the anti:syn ratio is not due to selective oxidation of the minor
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syn-5a anti-5a

Fig.4 Oxidation of 4a at —55 °C.

isomer to the sulfone by warming this sample to 0 °C. After
3.5 h, the ratio of anti:syn was 99:1, with no further increase
in the proportion of sulfone. The conversion of syn- to anti-S5a
follows a first order rate law with k&, = 0.0002 s~' at —15 °C, or
a half-life of 50 min.

At —55 °C, with a deficit of m-CPBA, sulfide is never fully
consumed, and no sulfone is formed. The ratio of anti:syn-
S5a remains more or less constant between 65:35 and 67:33
(Fig. 4) This ratio presumably represents the true kinetic
selectivity of the oxidation at —55 °C, and probably represents
a good estimate of the kinetic selectivity at higher temperatures
too.

The rate of equilibration of the diastereoisomers of 5a at 0
and at —15 °C extrapolates (assuming AS* = 0) to a half-life at
20 °C of less than 1 min, meaning that isolation of the unstable
syn diastereoisomer of syn-5a, and presumably of sulfoxides
syn-5 in general, is impossible. 2-Substituted naphthamides are
typically atropisomeric'? at room temperature,* but comparably
short half-lives for isomerisation about this bond are shown for
example by 2-trialkylsilylnaphthamides;*"* presumably, like the
C-Si bond, the C-S bond is relatively long and flexible.

Identifying the syn diastereoisomer in the "H NMR spectrum
of 5a also allows us to quantify accurately the ratio of sulfoxides
returned by work up of the oxidation at room temperature
(Scheme 2). The syn-sulfoxide’s methyl singlet at 6 = 2.98 has
a peak height less than that of the “C satellites of the anti-
sulfoxide’s methyl singlet (Fig. 5a) at 6 = 2.92, and we therefore
have confidence in quantifying the ratio as >99.5:0.5. Given
the fact that the rate of interconversion of the diastereoisomers
at this temperature is fast, we also ran the NMR spectrum in
CD;OD to investigate whether the ratio of diastereoisomers
was solvent-dependent The ratio of peak heights changed from
99.5:0.5 in CDCI; to 94:6 in CD;0D (Fig. 5b). For the zert-butyl
sulfoxide 5b a similar change in peak ratio was seen from >98:2
to 97:3, although in this case we cannot be certain that the minor
peak is indeed the syn-sulfoxide.

9 2.8 2.7 2.6 25 24 2.3 22 ppm
sulfide 4a
(a) (b)
anti-5a anti-5a
syn-5a syn-5a
LI L LI L L L L L L B L LA | L BN L L L L LA L L L L B B |
3.04 2.96 2.88 ppm 3.04 2.96 2.88 ppm

Fig. 5 (a) Portion of the 'H spectrum of 5a in CDCl;. (b) Portion of
the '"H NMR spectrum of 5a in CD;0D.
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Taken together these results point to a general mechanism
for the oxidation of 2-sulfanyl-1-naphthamides to 2-sulfinyl-
I-naphthamides in which an initial rather unselective (65:35
at —55 °C, presumably even less selective at 20 °C) kinetically
controlled oxidation is followed by equilibration of the mixture
to a product ratio which is entirely under thermodynamic
control because of the rapid interconversion of the sulfoxides
by rotation about the Ar—-CO bond, as shown in Scheme 4.
A few other examples of the diastereoselective synthesis of
atropisomers under thermodynamic control have been reported
by ourselves** and by others.'¢'®

The origin of the very strong thermodynamic preference for
anti-S over syn-5 was investigated by a molecular mechanics
study. Two Monte Carlo conformational searches on Sa (5000
steps for each search) were carried out using Macromodel,*
one starting from a structure resembling anti-5a, with an Ar—
CO dihedral angle of +90°, the other starting from a structure
resembling syn-5a, with an Ar-CO dihedral angle of —90°.
Energy minimisations were performed using MM2*, and in both
searches the Ar—CO dihedral angle was constrained to within
+90° of its starting value, ensuring that only one of the two
diastereoisomeric conformers about Ar—CO was minimised in
each case.

The global minimum found from the first search was the
conformer shown as ac-anti-5, with the sulfur lone pair occu-
pying the most hindered inside position, and the C=0 and S-O
dipoles aligned almost exactly antiparallel, giving an anticlinal
(ac) relationship between Ar—CO and S-Me or S-O bonds. The
second search found two minima, each shown in Scheme 5. The
more stable conformer is shown as sc-syn-5, in which the C=0
and S-O dipoles are opposed but which also suffers a synclinal
interaction between the O and Me substituents and the amide
Ar—CO bond. The less stable conformer ac-syn-5 avoids this
synclinal interaction by placing the S lone pair inside but pays
the price by aligning the C=0 and S-O dipoles more parallel.
The individual energy terms bear out this interpretation:
ac-syn-5 has an electrostatic potential some 15-20 kJ mol™
higher than either of the other conformers, but is of comparable
stability to ac-anti-5 in its steric (Stretch + Bend + Torsion +
van der Waals) terms (Table 1). The synclinal conformer sc-syn-
5a on the other hand has the lowest electrostatic potential, but
incurs bending and torsional steric penalties. Only in anti-5a
can both steric and electrostatic potential be minimised. The
difference in energy between the lowest energy conformer of
anti-5a and the lowest energy conformer of syn-5a is

Sl

T% \,(/E,
j:\rm ”/ ¥ \r \Jﬁ,ﬁr\(u 0
A

O R |

ac-anti-5 sc-syn-5 ac-syn-5

Scheme 5 Conformational preference in sulfoxides 5.

Table 1 Molecular mechanics with 5a (i.e. R = Me)

ac-anti-
Energy term (kJ mol") 5a sc-syn-5a ac-syn-5a
Total energy” —18.4 -8.0 —4.66
Stretch 5.4 6.2 5.6
Bend 14.0 22.7 13.1
Torsion 49.5 54.1 50.6
van der Waals 37.0 38.0 35.5
Electrostatic —125.1 —-129.9 —-110.4

“ Figures do not sum exactly because near-negligible improper torsion
and cross terms have been omitted.
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10.4 kJ mol~', which generates, by Boltzmann distribution, a
98.5:1.5 ratio at 298 K, a figure within an order of magnitude of
that observed spectroscopically. The slightly lowered conforma-
tional selectivity in the more polar solvent CD;OD furthermore
argues in favour of an electronic, rather than a purely steric,
explanation for the selectivity.

A pair of dihedral drive studies (Fig. 6) allowed us to locate
the three significant conformers shown in Scheme 5 on the
potential energy curve created by rotating (a) the anti and (b)
the syn diastereoisomer of 5a about their ArC—S bond. Starting
from the minimised conformation of each diastereoisomer the
dihedral angle 6 (Scheme 5) in anti-5a (solid circles) and syn-
5a (open circles) was varied from 0 to 360° in 3° steps and
the total energy was minimised at each step. For anti-5a by far
the most stable conformer is ac-anti-5a (0 = 240°), with a very
shallow and inconsequential local minimum as the lone pair
passes through the plane of the ring (6 = 60°). For syn-5a, sc-
syn-5a is a broad global minimum (6 = 60 £ 30°), with another
significant minimum resembling ac-anti-5a (6 = 230°) and a
shallow higher energy local minimum as the S—O bond passes
through the plane of the ring (6 = 180°). Whereas anti-5a lies
happily in a low energy conformational well, syn-5a just can’t
get comfortable, in vain exchanging steric for dipole repulsions
as the ArC-S bond rotates.

We are currently exploiting the fact that sulfoxides may be
formed in enantiomerically pure form as a means of controlling
the absolute orientation of functional groups, enabling the
asymmetric synthesis of certain classes of atropisomers.

Experimental

General descriptions of spectrometers etc. have been provided
before.’* Amides 3* and 6'' were prepared as previously de-
scribed. The X-ray crystal structure of anti-5¢ has been deposited
with the Cambridge Crystallographic Database (187714).t1

2-Methylthio-/V,N-diisopropyl-1-naphthamide 4a

sec-Butyllithium (1.3 mol dm™ solution in hexane; 3.0 cm?,
4.0 mmol) was added dropwise to a stirred solution of N,N-
diisopropyl-1-naphthamide 3 (1.003 g, 3.9 mmol) in THF
(18 cm?®) at —70 °C under nitrogen. After 35 minutes, dimethyl
disulfide (0.5 cm®, 5 mmol) was added dropwise to the yellow
solution, which was warmed to room temperature. The mixture
was treated with water (50 cm®) and extracted with CH,Cl, (3 x
10 cm?®). The combined extracts were washed with water (2 x
10 cm?®), dried (MgSO,) and evaporated to give a crude product
(1.076 g, 91%) which was recrystallised twice from petroleum
ether to yield the sulfide 4a (0.615 g, 52%). Ri(petroleum ether—
EtOAc, 4:1) 0.47; vy (film)/cm~" 1620 (C=0); 6y (300 MHz;
CDCl,;) 8.0-7.3 (6 H, m, ArH), 3.65 (1 H, septet, J 7 Hz, NCH),
3.55 (1 H, septet, J 7 Hz, NCH), 2.60 (3 H, s, SCH;), 1.80
(3H,d,J7Hz), 1.753H,d,J 7Hz), 1.25(3 H, d, J 7 Hz)
and 1.05 (3 H, d, J 7 Hz) (CH; x 4);dc (75 MHz; CDCl,) 167.9
(C=0), 136.0, 131.7, 130.9, 129.9, 128.3, 127.9, 127.0, 125.9,
125.8, 124.5 (Ar), 51.3, 46.1 (NCH x 2), 21.2, 20.8, 20.7, 20.3
(CH; x 4), 17.2 (SCH;); m/z (CI) 302 (100%, M + H), m/z
(EI) 201 (100%, M — N{CH[CH;],},) (Found: M*, 301.1505.
CsHx;NOS requires M, 301.15003).

2-(tert-Butylthio)-N,N-diisopropyl-1-naphthamide 4b

In a similar way, sec-butyllithium (1.1 mol dm™* solution in
hexane; 3.7 cm?®, 4.1 mmol), N,N-diisopropyl-1-naphthamide 3
(1.004 g, 3.9 mmol), and di-zerz-butyl disulfide (1.0 cm?, 5 mmol)
in THF (18 c¢cm?) gave a crude product (1.299 g, 96%) which
was purified by flash chromatography (eluting with petroleum
ether—EtOAc, 14:1) to yield the sulfide 4b (0.870 g, 65%) as
a solid. Ri(petroleum ether—EtOAc, 4:1) 0.80; v, (film)/cm™
1632 (C=0); Jy (300 MHz; CDCl;) 7.9-7.4 (6 H, m, ArH), 3.63
(1 H, septet, J 7 Hz, NCH), 3.43 (1 H, septet, J 7 Hz, NCH),
1.79 3 H, d, J 7Hz), 1.74 3 H, d, J 7 Hz) (CH[CH};],), 1.43
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Fig. 6 Energy profile for rotation about Ar-S in (a) anti-5a (solid circles) and (b) syn-5a (open circles).

(9 H, s, SC[CH;]5), 1.22 3 H, d, J 7 Hz) and 0.96 (3 H, d,
J 7 Hz) (CH[CH}],); dc (75 MHz; CDCl;) 167.9 (C=0), 142.5,
134.1, 133.1, 130.2, 127.8, 127.2, 126.78, 126.76, 126.6, 125.6
(Ar), 51.0 (NCH), 48.0 (C[CH;];), 46.0 (NCH), 31.8 (C[CH;];),
21.3, 20.7, 20.5, 20.0 (CH; x 4); m/z (CI) 344 (100%, M + H)
(Found: M*, 343.1972. C,;H,y NOS requires M, 343.19697).

2-Phenylthio-/NV,/N-diisopropyl-1-naphthamide 4c

In a similar way, sec-butyllithium (1.1 mol dm™* solution in
hexane; 3.6 cm?, 4 mmol), N,N-diisopropyl-1-naphthamide 3
(1.004 g, 3.9 mmol) and diphenyl disulfide (1.099 g, 5 mmol)
gave a crude product (1.429 g, 99%) which was recrystallised
with petroleum ether and ethyl acetate to yield the sulfide 4¢
(1.022 g, 72%) as a solid. Ry(petroleum ether—EtOAc, 4:1) 0.58;
Vmax (film)/cm™ 1630 (C=0); dy (300 MHz; CDCl;) 7.9-7.2
(11 H, m, ArH), 3.66 (2 H, m, NCH x 2), 1.81 3 H, d, J 7 Hz),
1.74 3H,d, J 7Hz), 1.23 (3 H, d, J 7Hz) and 1.07 3 H, d,
J 7 Hz) (CH; x 4); dc (75 MHz; CDCl,) 167.7 (C=0), 137.5,
135.5, 132.2, 131.2, 130.0, 129.1, 128.8, 128.4, 128.0, 127.4,
127.12, 127.06, 126.4, 124.9 (Ar), 51.3, 46.3 (NCH x 2), 21.2,
20.9,20.7,20.3 (CH; x 4); m/z (CI) 364 (100%, M + H), m/z (EI)
363 (50%, M), 263 (100%, M — N{CH[CH;],},) (Found: M*,
363.1666. C,;H,sNOS requires M, 363.16568).

(P*,R*)-2-Methanesulfinyl-/V, V-diisopropyl-1-naphthamide
anti-5a

m-CPBA (70%, 0.415 g, 1.7 mmol) was added to a stirred
solution of the sulfide 4a (0.543 g, 1.8 mmol) in CH,Cl, (9 cm?)
at —15 °C. The mixture was stirred for 2 h 45 min. and poured
into water. The CH,Cl, layer was separated and washed with

aqueous NaHSO;, aqueous NaHCO; and water. The CH,Cl,
layer was dried (MgSO,) and concentrated to give a solid which
was purified by flash chromatography (eluting with EtOAc—
petroleum ether 2.5:1) to yield the sulfoxide 5a (0.497 g, 78%)
as a solid. Mp 157-157.5 °C; Ri(petroleum ether-EtOAc, 1:2)
0.13; Voo (film)/cm™" 1625 (C=0), 1059 (S=0); Jy (300 MHz;
CDCl;) 8.2-7.5 (6 H, m, ArH), 3.69 (1 H, septet, J 7 Hz, NCH),
3.58 (1 H, septet, J 7 Hz, NCH), 2.89 (3 H, s, SO[CH;]), 1.76
(3H,d,J 7Hz),1.70 3H,d,J 7Hz),1.21 3H, d, J 7 Hz)
and 1.08 (3 H, d, J 7 Hz) (CH; x 4); . (75 MHz; CDCl;)
166.1 (C=0), 138.7, 134.6, 133.8, 130.0, 128.6, 128.0, 127.83,
127.82, 125.0, 118.5 (Ar), 51.6, 46.5 (NCH x 2), 43.4 (SCH,),
21.0, 20.7, 20.5 and 20.2 (CH; x 4); m/z (CI) 318 (80%, M +
H), 217 (100%, M — N{CH[CH;), },), m/z (EI) 217 (100%, M —
N{CH[CH;].},) (Found: M*, 317.1452. C,sH;;NO,S requires
M, 317.14494).

(P*,R*)-2-(tert-Butanesulfinyl)- NV, N -diisopropyl-1-naphthamide
anti-5b

In a similar way, m-CPBA (0.577 g, 2.3 mmol) and sulfide
4b (0.846 g, 2.46 mmol) in CH,Cl, (14 cm®) gave a crude
product which was purified by flash chromatography (eluting
with petroleum ether-EtOAc, 1:1) to yield the sulfoxide 5b
(0.657 g, 74%) as a solid. Mp 132.5-133.5 °C; R; (petroleum
ether—EtOAc, 4:1) 0.09; v, (film)/cm™ 1632 (C=0), 1043
(S=0); oy (300 MHz; CDCl;) 8.1-7.5 (6 H, m, ArH), 3.67
(1 H, septet, J 7 Hz, NCH), 3.47 (1 H, septet, J 7 Hz, NCH),
1.78 3H, d, J 7 Hz), 1.70 (3 H, d, J 7 Hz) (CH[CH],), 1.34
(9 H, s, SC[CH;):), 1.28 (3 H, d, J 7 Hz) and 0.97 (3 H, d,
J 7 Hz) (CH[CH;),); ¢ (75 MHz; CDCl;) 166.3 (C=0), 137.5,
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134.5,134.0, 129.0, 128.5, 128.3, 128.2, 127.6, 125.7, 121.5 (Ar),
58.0 (C[CH.]), 51.3, 46.4 (NCH x 2), 23.7 (C[CH.]) 21.1,
20.6, 20.4 and 19.9 (CH, x 4); m/z (CI) 360 (80%, M + H),
259 (70%, M — N{CH[CH,].},) (Found: M + H, 360.1996.
C, H,,NO,S requires M + H, 360.1997).

(P*,R*)-2-Benzenesulfinyl-V,/N-diisopropyl-1-naphthamide
anti-Sc

In a similar way, m-CPBA (0.666 g, 2.7 mmol) and sulfide
4c (1.017 g, 2.8 mmol) in CH,Cl, (15 cm®) gave a crude
product which was purified by flash chromatography (eluting
with petroleum ether—EtOAc, 5:1) to yield the sulfoxide Sc
(0.758 g, 74%) as a solid. Mp 202-203 °C; R; (petroleum ether—
EtOAc, 4:1) 0.16; v, (film)/cm™" 1627 (C=0), 1046 (S=0);
Jn (300 MHz; CDCl;) 8.0-7.2 (11 H, m, ArH), 3.75 (2 H, m,
NCH x 2),1.83 (3H,d,J 7Hz), 1.78 3 H, d, J 7 Hz), 1.36
(3H,d,J7Hz)and 1.12(3H, d, J 7Hz) (CH; x 4);J. (75 MHz;
CDCl,;) 166.3 (C=0), 144.7, 139.0, 136.0, 134.5, 130.3, 130.2,
129.0, 128.6, 128.5, 128.4, 127.8, 125.5, 124.3, 120.4 (Ar), 51.8,
46.6 (NCH x 2), 21.1, 20.9, 20.6 and 20.2 (CH; x 4); m/z (CI)
380 (100%, M + H), m/z (EI) 379 (20%, M) 279 (60%, M —
N{CHI[CH;},},) (Found: M*, 379.1604. C,;H,;NO,S requires
M, 379.16059).

2-Benzenesulfinyl-/V,/V-diisopropyl-6-[(1-
trimethylsilyl)ethyl]benzamide 7a and 7b

In a similar way, m-CPBA (70%, 0.025 g, 0.10 mmol) and
amide 6 (0.047 g, 0.11 mmol) in CH,Cl, (1 cm?®) gave a crude
product which was purified by flash chromatography (eluting
with petroleum ether-EtOAc, 6:1) to yield 7a (0.012 g) and
7b (0.006 g). 7a: vy, (film)/cm™" 1627 (C=0), 1046 (S=0); Jy
(300 MHz; CDCl;) 8.0-7.1 (8 H, m, ArH), 3.79 (1 H, septet,
J 7 Hz, NCH), 3.66 (1 H, septet, J 7 Hz, NCH), 2.27 (1 H,
q, J 7 Hz, CHCH;Si), 1.68 (3 H, d, J 7 Hz, CHCH,), 1.64
(3 H, d,J 7 Hz, CHCH;), 1.43 (3 H, d, J 7 Hz, SiCHCH,),
1.32 3 H, d, J 7 Hz, CHCH;), 1.23 3 H, d, J 7 Hz,
CHCH;) and 0.2-0.0 (9 H, m, Si[CH5;];); m/z (CI) 430 (100%,
M + H) (Found: M + H, 430.2246. C,;H,sNO,S requires
M + H,430.2236).
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Kinetic and equilibrium results are compared for the reactions in dimethyl sulfoxide of 1,3,5-trinitrobenzene, 1, and
4-nitrobenzofuroxan, 4, with a series of substituted anilines in the presence of Dabco or in, some cases, quinuclidine.
pK, values for the corresponding anilinium ions are reported. The reactions of 1 and 4 are likely to proceed through
nucleophilic attack by the aniline to yield zwitterionic intermediates which may transfer an acidic proton to the bases
present to yield the anionic adducts 9 or 12 respectively. In the formation of 9 from 1 the proton transfer step is
rate-limiting; however, the slower interconversion of 4 and its zwitterion leads to only partial rate-limiting proton
transfer in the formation of 12. Results with substituted anilines including 2-substituted and N-methyl aniline
indicate that steric effects are not a major factor in determining rates of proton-transfer in these systems. Contrary to
previous reports no evidence was found for a strong interaction between 1 and Dabco in DMSO.

Introduction (T) ; (f)
The reaction of 1,3,5-trinitrobenzene, 1, with aliphatic amines'? =N n _N
in dimethyl sulfoxide, DMSO, results in the spontaneous forma- H7 < ° < 0
tion of anionic o-adducts, 3. Kinetic studies are consistent with Nu N N
the two step process shown in Scheme 1, and have shown that NO,’ NOy”

the proton-transfer step may be rate-limiting.>> Even though 5 6

this step is thermodynamically favourable in the direction 2 —
3, hydrogen bonding of acidic hydrogens to DMSO may lower
the values of rate constants to below the diffusion limit.*® Other
factors which have been shown to reduce the value of k, are
increasing steric congestion at the reaction centre, greater with
secondary than with primary amines,* and the presence of a
group that is bulkier than hydrogen at the site of nucleophilic
attack >

The corresponding reaction with aniline does not occur
since the initial formation of the zwitterion is thermodynam-
ically unfavourable; the pK, value for protonated aniline"
is 3.82 in DMSO. However, Buncel and co-workers, impor-
tantly, showed that the presence of a strong base, such as
the methoxide ion or Dabco, made the second step (proton-
transfer) sufficiently thermodynamically favourable as to al-
low observation of the anilide adduct.’*** Kinetic studies in
the presence of Dabco showed that proton-transfer was rate
limiting.'*

4-Nitrobenzofuroxan, 4, is known to react with anionic
nucleophiles, such as methoxide?~? or sulfite,* to yield adducts,
5 or 6 respectively, at the 5- or 7-ring positions. Its reaction
with aliphatic amines in DMSO may also yield o-adducts and
kinetic studies have shown that here too proton-transfer may be
rate-limiting.” Reactions of 4 with aromatic amines have not
previously been investigated.

+
H_ NHRR'

In this paper we report kinetic and equilibrium results for
the reactions of 1 and 4 with a series of substituted anilines
in the presence of Dabco, or in some cases of quinuclidine, in
DMSO. Measurements were made in the presence of Dabco
and its hydrochloride salt allowing a more complete evaluation
of the competing processes than was achieved in earlier studies.
The pK, values for the substituted anilinium ions in DMSO
were measured since they are relevant to the work. Our aims
were to investigate the effects of both the structure of the nitro-
compound and of substituents in the aniline on rate constants
for proton transfer and on the nature of the rate-determining
step. We also consider the recent claim?** that the reaction of
TNB with Dabco in DMSO yields a zwitterionic c-adduct in
spectroscopically observable amounts.

Results and discussion
pK, Values for substituted anilinium ions in DMSO

The pK, values for the dissociation of a number of protonated
amines in DMSO are known;! values corresponding to aniline
and Dabco are 3.82 and 9.06 respectively. However, values for
the substituted anilines used in the present work have not been
reported previously in DMSO.

H_ NRR'
O,)N NO, X O,N NO, K, O,N NO,
1 P +
+ 2RR'NH @ + RR'NH O + NH,RR'
k. kp
NO, NO, NO,
1 3
Scheme 1
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Here, as previously,' a spectrophotometric method using 2,4-
dinitrophenol (DNP) as an indicator was used to measure values
of the equilibrium constant, K, for the process shown in eqn. (1).
The pK, value of DNP is known? to be 5.12 + 0.04 in DMSO, so
values of pK,(AnH") for the substituted anilines were calculated

using eqn. (2). Absorbance

+

OH NH, o NH;
NO, -~ K NO, U

+ | == + |

XN N

R R
NO, 7 NO, 1)

pK.(AnH") = log K + pK,(DNP) )

measurements were made at 430 nm, the Amax value for the
dinitrophenolate anion, in solutions containing excess concen-
trations of the aniline, 7, and corresponding anilinium ions.
In some cases it was necessary to make small corrections
for the absorbance due to the substituted aniline. Wherever
possible measurements were made with solutions containing a
concentration of 0.01 mol dm= of the aniline hydrochloride.
For less basic amines where concentrations of hydrochloride
lower than 0.01 mol dm~ were required, the ionic strength
was maintained at 0.01 mol dm~ with tetraethylammonium
chloride. Representative data are shown in Table 1, and pK,
values are listed in Table 2.

The values for anilines 7a—f carrying substituents remote from
the reaction centre give an excellent correlation with Hammett
o-values®*® with a value for p of —4.46. The high acidity of
the N-methylanilinium ion in DMSO deserves comment. It is
known'"3' that DMSO is an extremely good hydrogen-bond
acceptor so that stabilisation of the cationic species will decrease
as the number of NH* hydrogens available for hydrogen-bonding
decreases. The reduced number, relative to anilinium, of such
acidic hydrogens in the N-methylanilinium ion is likely to be

Table 1 Absorbance data for 2,4-dinitrophenol, 4 x 10~° mol dm~3,
in DMSO containing 4-methylaniline, 7b, and its hydrochloride salt at
25°C

[7b]/mol dm~3 [7b-HCI]/mol dm~—3  Abs(430 nm) Abs** K*
0 0.01 0.0124 0.0124 —
0.025 0.01 0.213 0.212  0.22
0.050 0.01 0.322 0.320 0.24
0.075 0.01 0.373 0.370  0.23
0.10 0.01 0.410 0.405 0.22
0.15 0.01 0.453 0.446 0.22
0.20 0.01 0.488 0.479 0.23
0.30 0.01 0.523 0.509 0.23
0.40 0.01 0.542 0.523  0.23
0.40 0 0.595 0.580 —
0.60 0 0.606 0.580 —

“ Abs* values have been corrected for absorption by 7b. ¢ Calculated
as( Abs*—0.0124 ) [7b-HCI]
0.58—Abs" )

Table 2 pK, Values for substituted anilinium ions in DMSO

Aniline R K pK, (DMSO) pK, (water)
7a 4-OMe 0.92 £0.05 5.08 £ 0.05 5.36
7b 4-Me 0.23 £0.01 4.48 £0.05 5.12
Tc H® — 3.82+0.04 4.58
7d 4-Cl (5.5+£0.6) x 10 2.86+0.04 3.98
Te 3-Cl (1.66 = 0.14) x 107 2.34 £0.04 3.46
7t 3-CN  (1.74+0.18) x 10* 1.36 +0.04 2.75
7g 2-Me  0.048 £ 0.002 3.80 £ 0.05 4.39
7h 2-Et 0.043 £ 0.002 3.75+0.05 4.37
7i N-Me (6.2+0.3) x 10*  2.91+0.05 4.85

“Defined in eqn. (1). ® From ref. 11. ¢ From ref. 29.

an important factor here. Some steric inhibition of solvation by
DMSO of the 2-substituted anilinium ions may also be expected.

The pK, value for the quinuclidinium ion in DMSO was
calculated to be 10.05 £+ 0.05 using measurements of ab-
sorbance at 450 nm in solutions containing the indicator 2,4,6-
trinitrodiphenylamine.!!

Reaction of 1,3,5-trinitrobenzene, 1, with substituted anilines and
Dabco in DMSO

'H NMR spectra of 1, 0.025 mol dm™, in [*H,-DMSO
containing the substituted anilines 7a—f, 0.23 mol dm~ and
Dabco, 0.08 mol dm~3, indicated the formation of the o-adducts
9a—f, as shown in Scheme 2. The results are shown in Table 3. It
is interesting that spin-coupling, ca. 9 Hz, is observed between
H, and the NH hydrogen indicating that the amine hydrogen
exchanges relatively slowly with other labile hydrogens. After
addition of a trace of deuterium oxide, the NH band was
lost due to deuteration. The UV-visible spectra of solutions
containing 1, 5 x 10~ mol dm™, anilines 7, 0.1 mol dm™,
and Dabco, 0.1 mol dm~3 showed bands at 445 nm, ¢ 3.0 x
10* dm® mol~' em™', and 530 nm, ¢ 1.8 x 10* dm® mol~' cm™',
attributed to the adducts 9. These were stable for several hours.
These spectroscopic results are in good accord with those
previously reported*™ for related systems.

There was no evidence for a strong interaction in solutions
containing 1 and anilines in the absence of Dabco. However,
it is necessary to comment on recent claims that 1 and Dabco
will react in DMSO to give the zwitterionic adduct 10 as shown
in Scheme 3. "H NMR bands at ¢ 8.34 and 6.14 have been
attributed? to 10, and the UV-visible absorbance at 452 nm
and 562 nm has been used® to measure rate and equilibrium
constants for the interaction. A value for the equilibrium
constant of ca. 70 dm* mol™' was obtained. Our studies do
not confirm these results. Although solutions containing 1,
1 x 10™* mol dm=, and Dabco 0.1 mol dm= show some
absorbance at 450 nm and 550 nm, this is reduced to very low
values, Abs < 0.05, in the presence of Dabco hydrochloride,
0.01 mol dm™. This reduction is not compatible with the
formation of the zwitterion, 10, which should be unaffected
by Dabco hydrochloride. Also, we find that in a '"H NMR
spectrum of 1, 0.025 mol dm~3, and Dabco, 0.067 mol dm™3,
in [*H]-DMSO the bands at J 8.3 and 6.2 are barely detectable.
Calculation of the value, using the integrated intensities, of the
equilibrium constant based on Scheme 3 yields ca. 0.1 dm® mol~"'.

It seems likely, and in agreement with our observations, that
1 and Dabco do not interact strongly in DMSO and that the
observed spectroscopic effects result from the reaction of 1 with
very low concentrations of impurities present in the Dabco.
These impurities, which are probably primary or secondary
amines, interact with 1 and Dabco as indicated in eqn. (3).

TNB + RR'NH + Dabco = (TNB.NRR’)™ + Dabco H* (3)

The reaction is effectively inhibited by Dabco hydrochloride.

Table 3 'H NMR data for adducts 9a—f, formed from 1 with anilines
and Dabco in [?’H¢]-DMSO

'H Shifts
Adducts 9 H, H, NH Jonu/Hz
a R =4-OMe 8.34 6.08 5.51 8.8
b R =4-Me 8.34 6.14 5.70 8.8
¢ R=H 8.35 6.21 5.88 9.2
d R =4-Cl 8.36 6.18 6.12 8.8
e R=3-Cl 8.37 6.20 6.26 9.2
f R=3-CN 8.36 6.25 6.46 9.2
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NH, H +NH2 H, NH
O,N NO O,N NO O,N NO
2 2 . Z | i k 2 O 2 . & 2 2 + B
N X k kgt H, i,
NO, NO, NO,
1 7 8 9
a, R =4-OMe f, R=3-CN
b, R =4-Me g, R=2-Me
¢, R=H h, R=2-Et
d, R=4-Cl i, N-methylaniline
e, R=3-Cl
Scheme 2
(fN Our results are compatible only with the condition k_, > ky[B],
. +N\) corresponding to rate limiting proton transfer. Eqn. (4) then
0N NO, simplifies to eqn. (5), where K, = k,/k_,.
TNB + Dabco —_— @
kovs = K k[An][B] + kpu+ [BH*] (5)
NO, . 16 . . -
Buncel and Eggimann'® have previously examined the kinetics
10 of the reaction of 1 with unsubstituted aniline, 7¢, in the presence
Scheme 3 of Dabco, but in the absence of added DabcoH*. Under these

Kinetic and equilibrium studies

Spectrophotometric measurements were made at the absorption
maximum of the adducts formed, 445 and/or 530 nm, using
the stopped-flow technique. The concentration of 1 was kept
at 4 x 107° mol dm~ and was very much lower than that of
the other components, one of the substituted anilines 7a—i and
Dabco. All measurements were made in the presence of Dabco
hydrochloride, 0.01 mol dm=3. This kept the ionic strength of the
solutions constant and inhibited any possible reaction between 1
and Dabco. Under these conditions, accurate first-order kinetics
were observed and the variation in value of the rate constant with
aniline and Dabco concentrations was examined. The specimen
data are shown in Table 4.

The treatment of the zwitterions 8 in Scheme 2 as steady
state intermediates leads to eqn. (4), where [An] represents the
concentration of the subsitituted aniline.

A ki[Anlky[B] + k_ kg [BH]
" k_i + ky[B]

4)

conditions the reaction in Scheme 2 gives first order kinetics in
the forward direction and second order kinetics in the reverse
direction, making the evaluation of rate constants more difficult.
They showed, importantly, that the proton-transfer step was rate
limiting. It was also shown' that stabilisation of DabcoH* by
association with chloride ions may result in increases in the
overall equilibrium constant for adduct formation. Hence in
our work we have worked at constant and low concentrations of
chloride ions, 0.01 mol dm3.

Buncel and Eggimann’® assumed that only Dabco would be
effective as a base in the proton-transfer stage of the reaction.
However, it has been shown® in a related system that aniline,
even though it is a much weaker base, might also contribute
to the proton transfer equilibrium. Thus it is known that the
trinitrocyclohexadienate group in 8, even though negatively
charged, is electron-withdrawing relative to hydrogen.®*!432
Hence 8 will be more acidic than the corresponding anilinium
ion, so the proton-transfer step 8 = 9 will be thermodynamically
favoured even when the reaction involves aniline as B and
the corresponding anilinium ion as BH*. Hence eqn. (5) takes
the form of eqn. (6) where kp..., and k,, represent k; when

Table 4 Kinetic results for the reaction of 1 with 4-methoxy- or 3-chloro-aniline and Dabco in DMSO at 25 °C

Aniline 7a Aniline 7e

[Substituted aniline]/mol dm=3 [Dabco]/mol dm Kops /87! ket /87! Kops/87! Keae/s7!
0.05 0.10 11.3 10.9 0.047 0.043
0.10 0.10 13.0 13.1 0.053 0.052
0.15 0.10 15.8 154 0.060 0.061
0.20 0.10 17.9 17.7 0.071 0.071
0.30 0.10 23.1 22.6 0.088 0.092
0.10 0.05 11.0 11.6 0.048 0.049
0.10 0.08 12.2 12.4 — —
0.10 0.15 14.8 14.9 0.058 0.057
0.10 0.20 17.1 16.7 0.063 0.062
0.10 0.30 20.3 20.5 0.072 0.073

“ All solutions contain Dabco hydrochloride, 0.01 mol dm~—. Measurements were made at 445 nm using the stopped-flow method. * Calculated from
eqn. (7) with K kpueo 380 dm® mol= s7', kpucons 880 dm® mol™" s7!, and k,/kpao 0.04. ¢ Calculated from eqn. (7), with K kpupe, 1.2 dm® mol=? s~

kpacors 3.5 dm® mol™' s7! and kx,/kpape, 0.10
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Table 5 Summary of results for the reactions of 1 with anilines 7a—k and Dabco in DMSO at 25 °C

Aniline K kpypeo/dm® mol=2 s7! Kpabeons /dm® mol~! s7! K, Ko /dm?® mol™! kan/Kpaveo
7a 4-OMe 380 £+ 20 880 £ 30 0.43 +£0.04 0.04 £ 0.01
7b 4-Me 95+ 10 280 + 20 0.34 +0.06 0.04 & 0.01
7¢c H 28+3 90 + 20 0.314+0.10 0.05 4+ 0.01
7d 4-Cl 45+1 13+1 0.354+0.10 0.05 £0.01
7e 3-Cl 1.24+0.2 3.540.1 0.34 +0.07 0.1 +0.02
7f 3-CN 0.2540.02 1+£0.2 0.2540.10 0.054+0.01
Tg 2-Me 8+1 80 £+ 20 0.10 £ 0.04 0

7h 2-Et 8+2 60 £+ 10 0.134+0.05 0

7i N-methyl 20403 14+£2 0.14 4 0.05 0

“ Calculated as K kpubco/ Kpapeots* -

the reaction involves Dabco and aniline, respectively, while
Ko+ and k,y+ represent kpy+ for reactions with the appro-
priate conjugate acids. Since Kpueo (= Kpaveo/Kpaneont) and
Ky, (= kan/kanu+) are related by the relative acidities of the
conjugate acids, the number of variables in eqn. (6) may be
reduced to give eqn. (7).

kavs = K [An] (Kpaneo[Dabeo] + kan[An])
+ kDabc0H+ [DabCOH+] + kAnH+ [AnH+] (6)

kAn
X [An])

Dabco

kobs = K] kDahco [AII] ([Dabco] +

kAn [An]

. +[Dé H+ 1 I TDabcol
+ Kpuncorr+ [Dabco ]( + kDubco[DabCO]) @

Variations in the values of k., with the concentrations of
aniline and of Dabco were used to calculate the values of the
parameters K Kppeo, Kpapeor+ a0 kan/Kpapeo- The specimen results
are listed in Table 4, and the data are summarised in Table 5.
For anilines 7a—f, carrying substituents remote from the reaction
centre, Hammett plots of the values of K k., gave a p value of
—3.8, while values of kpn+ gave p = —3.6. Compensation for
these terms leads to values of the overall equilibrium constant
K Ko (= Kikpaseo/ kpaneon+) Which show little variation with
the nature of the substituent. For these anilines 7a—f, a positive
value of ka,/kpae Was required to adequately fit the data. For
anilines 7g—i, with substituents close to the reaction centre,
no improvement in fit was obtained using non-zero values of
kan/kpaseo- Also shown, Fig. 1, are logarithmic plots of the values
versus the pK, values of the corresponding anilinium ions.

1 2 3 4 5 PK,

Fig. 1 Plots of log kpapeon+ and log K kpaeo for the reaction of 1 with
anilines versus the pK, values of the corresponding anilinium ions. The
slopes are 0.80 and 0.87 respectively. Points g, h and i represent 2-methyl-,
2-ethyl- and N-methyl-anilines respectively.
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We briefly investigated the effects of substituting quinuclidine
for Dabco as the added base. The results are given in Table 6.
They show that for these two bases values of Kk are indepen-
dent of the nature of the base, implying that values of kg are
determined by factors other than basicity. Values of kgy* show
a direct dependence on the values of the acidity of the conjugate
acids (pK, values, DabcoH* 9.06; quinuclidine H*, 10.05). This
is also shown by the dependence of values of the equilibrium
constant, K, Ky, on the basicity of the base used.

We will delay further discussion until results for 4-
nitrobenzofuroxan have been given.

Reactions of 4-nitrobenzofuroxan, 4, with substituted anilines
and Dabco in DMSO

The UV-visible spectrum of 4in DMSO showsa band at411 nm,
& =1.28 x 10* dm® mol™' cm™". In the presence of aniline and
Dabco, a new band at 350 nm, ¢ = 2.8 x 10* dm® mol~' cm™' is
observed attributed to the o-adduct 12 as shown in Scheme 4.
The justification for showing this as the 7-adduct rather than
the 5-adduct will be given later. This species was sufficiently
stable for kinetic measurements on the stopped-flow timescale to
be made; however, slower irreversible reactions occurred which
precluded NMR measurements. In accord with previous work,*
4 and Dabco alone in DMSO did not react, and there was no
reaction with aniline in the absence of Dabco.

The general kinetic expression corresponding to Scheme 4
is eqn. (4). However, in contrast to the behaviour of 1, the
results were not compatible with the condition k_;, > kg[B]
which leads to eqn. (5). Hence the results were fitted to eqn. (8).
No significant improvement was obtained by including terms
representing proton transfer to aniline as the base, k,,/ky < 0.1.
Representative data are shown in Table 7.

b = K kpanes[AN][Dabco] + Appeon+ [DabcoH '] g
o 1 + kDubco[DabCO] ( )

ke

They allow calculation of values, of the parameters K kp,pco,
kpacort and kpupeo/k_;. It 1s worth noting that since eqn. (8)
contains a term involving [Dabco] in both the numerator and
denominator, both increases and decreases in the values of
ko, may be expected as [Dabco] is increased. Values for the
anilines 7a—e are collected in Table 8, which includes values
for the equilibrium constant K, Kp,peco (= KKkpaveo/ Kpaveorr+) and
kl (= KlkDabco-k—l/kDabco)'

Hammett plots, not shown, give the following values of p;
K kpaeo — 3.7, kpaveon+ — 2.8, ki — 3.1 and K, Ko — 0.9.

The values of K, Kpae listed in Table 8 for the reaction with
4 are between three and ten times larger than those for the
reaction of the corresponding anilines with 1. If a statistical
correction were applied to take account of the three equivalent
ring positions in 1, then the factors would be three times larger.
For the reactions in DMSO of 4 with aliphatic amines,”® which
are considerably more reactive than aniline, isomeric attack at
the five- and seven-positions is observed. For the reaction with






Table 6 Results for the reactions® of 1 with anilines 7a,¢,d and quinuclidine in DMSO at 25 °C

Aniline K kyn/dm® mol 2 s~ K quiorr /dm? mol ™' s7! K, K" /dm’® mol™
7a 4-OMe 350 £ 20 70 + 10 5+1

7¢ H 33+£3 7+1 47+1

7d 4-Cl 45+0.5 1.2+0.1 3.8+0.8

“Kinetic measurements were made in solutions containing quinuclidine hydrochloride, 0.01 mol dm— with various concentrations of aniline and

quinuclidine. * Calculated as Kk quin/Kquingr: -

R R
4 /\ _|_ +BH"
. \_¢
toox "4 &
= Z k = =
b () e ﬁ;r . ﬁ;r
~ S, -1 3 o =
N N N BH N
R/ -
NO, NO, NO;
4 7 11 12
Scheme 4
Table 7 Kinetic results® for the reaction of 4 with aniline or 4-methylaniline and Dabco in DMSO at 25 °C
Aniline 7b Aniline 7¢

[Substituted Aniline]/mol dm™3 [Dabco]/mol dm—3 Kops /87! keact/s™! Kops /87! keact/s™!
0.03 0.05 0.055 0.054
0.06 0.05 0.077 0.075
0.09 0.05 0.098 0.095
0.12 0.05 0.12 0.12
0.15 0.05 0.14 0.14
0.05 0.03 0.074 0.071
0.05 0.06 0.062 0.067
0.05 0.09 0.060 0.065
0.05 0.12 0.061 0.064
0.05 0.15 0.059 0.063
0.04 0.10 0.018 0.016
0.07 0.10 0.020 0.021
0.10 0.10 0.027 0.027
0.15 0.10 0.036 0.036
0.20 0.10 0.047 0.045
0.10 0.04 0.025 0.026
0.10 0.07 0.024 0.026
0.10 0.15 0.026 0.027
0.10 0.20 0.028 0.028

* All solutions contain Dabco hydrochloride 0.01 mol dm—3, and 4 2.5 x 10~ mol dm—. Measurements were made in the range of 350-370 nm using
stopped-flow spectrophotometry. * Calculated from eqn. (8) with K kpue 32 dm® mol=? s7', kpupeon 8 dm® mol™' s and kpupeo/k_; 27 dm® mol~'.
¢ Calculated from eqn. (8) with K kpueo 5.7 dm® mol= s7', kpupeon 2.5 dm® mol~" s~ and kpueo/k_; 20 dm* mol~".

Table 8 Summary of results for the reaction of 4 with anilines 7a—e and Dabco in DMSO at 25 °C

Aniline K kpypeo/dm® mol=? s7! Kpapeon+ /dm?® mol~" s7! Kpaveo/Kk_; dm* mol™! K K pupeo/dm? mol™! k,/dm?® mol~' s~!
7a 4-OMe 130 £ 10 38+3 25+5 344+0.6 52+1.8

7b 4-Me 3245 8§41 27+2 40+ 1.0 1.24+0.3

7c H 5.7+£0.3 25405 201 23+0.7 0.3 £0.03

7d 4-Cl 20+1.0 1.4+0.1 20+ 1 1.4+0.6 0.1 £0.05

Te 3-Cl 0.37 £ 0.03 0.36 + 0.01 10+2 1+0.2 0.037 £ 0.013

n-butylamine, the values of the overall equilibrium constants
K.s and K., are 110 dm? mol™ and 5.6 x 10° dm*® mol™'
respectively. The corresponding value* for the reaction with 1
for the process given in Scheme 1 is 1 x 10° dm® mol~'. Hence
the ratio for 4 (seven-position): 1 is 5.6 which is similar to the
ratio obtained with aniline. This similarity is strong evidence that
the process we have observed with 4 corresponds to formation
of the seven-adduct as shown in Scheme 4. The five-adduct is,
then expected to have a much lower thermodynamic stability, so
it is not observed under our conditions.

Rate constants for proton transfer

The experimental results show that proton transfer is rate
limiting, k_, > kpuweo[Dabco], in the formation of 9 from 1.
However, in the corresponding reaction of 4 there is a balance
between nucleophilic attack and proton transfer as the rate
limiting step, k_, ~ kpwco[Dabco]. Although it is not possible to
obtain experimental values of kp,.., the results do give values of
Kpaveon+ » the rate constant for protonation of the anionic adducts
by DabcoH*. The results given in Tables 5 and 8 show that for the
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Table 9 Derived values for the reaction of 1 in DMSO

Aniline K.,“(AnH*)/mol dm~3 Koo Ka, kan/dm® mol~! s7! kany+ /dm® mol~! s7! K,/dm* mol™!
7a 4-OMe 8.3 x 10°¢ 1.1 x 10° 12 4 x 10° 3.3 x 10° 39 x10°¢
7b 4-Me 33 x 10 3.6 x 10° 9.5 4 x 10° 4.2 x 10° 9.4 x 1077
7¢ H 1.5x 10 1.1 x 10° 6.3 5% 10° 8.0 x 10° 2.8 x 1077
7d 4-Cl1 1.4 x 1073 7.7 x 10° 49 5% 10° 1.0 x 10°¢ 4.5 x 1078
7e 3-Cl 4.6 x 1073 2.9 x 107 5.5 1 x 107 1.8 x 10° 1.1 x 10°%
7f 3-CN 4.4 x 1072 1.0 x 108 2.0 5% 10° 2.5 x 10° 2.5x 107
Tg 2-Me 1.6 x 10~ 1.3 x 10° 7.1 — — 7.7 x 1078
7h 2-Et 1.8 x 10~ 1.7 x 10° 33 — — 7.6 x 1078
7i N-Me 1.2 x 1073 7.1 x 10° 5.0 — — 2.0 x 1078
“ Values from Table 2.
Table 10 Derived values for the reaction of 4 in DMSO
Aniline Kbabeo K K,/dm® mol™! k,/dm’ mol~! 5! k_/s7!
7a 4-OMe 2.6 x 10° 270 1.3 x 10°¢ 5.2 4 x 10°
7b 4-Me 1.3 x 107 330 32 x 1077 1.2 3.8 x 10¢
7¢ H 4.0 x 107 230 5.8 x 1078 0.3 5 x 10°
7d 4-Cl 7.1 x 107 45 1.9 x10°* 0.1 5 x 10°
Te 3-Cl 2.8 x 108 53 3.6 x 107° 0.04 1.0 x 107

correspondingly substituted anilines, values are around an order
of magnitude higher in protonation of 4 than of 12, implying a
higher energy gap in the latter case.

It is interesting to speculate as to the likely values of kpo in
these systems. The process involved, Scheme 2 and Scheme 4, is
a strongly thermodynamically favoured proton transfer between
nitrogen atoms. In the TNB reaction, Buncel and Eggimann'®
proposed a value of 1 x 10° dm* mol~" s~!, which is close to the
diffusion limit. However, it is now known*® that in DMSO values
for such proton transfers may be slowed by hydrogen-bonding to
the solvent as shown in 13. It is necessary to break the hydrogen-
bond before the proton can be transferred. Steric congestion at
the reaction centre may also reduce proton transfer rates.>**°
However, for anilines 7a—f carrying remote substituents, any
possible steric effects are likely to be constant. Furthermore,
since values of kp....u+ Will also be subject to steric effects, the
plot in Fig. 1 versus pK, values is informative. It shows that
even for 7g—i the values of kpcon+ do not deviate from linearity.
The implication is that for these primary amines, and even for
N-methylanine, there are no serious steric effects on proton
transfer between the zwitterions, 8, and anions, 9. We note that
here proton transfer involves Dabco, which should be relatively
unhindered.

R Me
weee O=S
HR\ 111(- H ~Me
O,N ! NO,
NO, 13

In previous cases where steric hindrance has been observed,
the reaction has involved bulky secondary amines both as the
nucleophile and proton-acceptors base (e.g. Scheme 1, R-R’ =
piperidine), or the presence of a ring-substitutent bulkier than
hydrogen at the reaction centre.>!

Hence we will assume a value for kApueo oOf 1 x
10® dm® mol~" s7!, reduced below the diffusion limit only by
hydrogen bonding to the solvent. The value will be independent
of the aniline nucleophile. The correspondence in values of
K kpaneo and K kg, for corresponding anilines, in Tables 5 and
6 indicates that values of kp,., and k,,;, are equal. If steric effects
on proton transfer are unimportant in reactions of 1, they are
also likely to be unimportant in reactions involving 4 and 7a—e.
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Hence it is reasonable to assume in this system, too, a value for
Kpaeo Of 1 x 108 dm’ mol~! s71.

On this basis it is possible to calculate, using eqn. (9) and
eqn. (10) values for Kpu, and K,,. The latter corresponds
to the equilibrium constant for the proton-transfer stage of
Scheme 2 or Scheme 4 when aniline acts as the base as well as
the nucleophile.

kDabco
K abco — 9
o kDabcoHJr ( )
K, (D H" k

(Dabeotl’) _ k, )

K.(AnH")

KAn = Apabeo = k
AnHT

8 kAn

Dabco

kan=1x10

(11)

Values of k,, for reactions involving 1 were calculated with
eqn. (11) using experimental values of the ratio kx,/kpge.. Then
kot (= kan/Kan) and K, = (K| Kpueo/ Kpaveo) could be deter-
mined. For reactions involving 4, values of k_, were calculated
ask_, = k,/K, Derived data are collected in Tables 9 and 10.

In the reactions of both 1 and 4, values of Kp,,, increase
strongly as the substituent R is made more electron withdrawing.
These changes reflect increases in acidity of the zwitterionic
intermediates 8 and 11 respectively. Values of K,, show little
dependence on the nature of R showing that, here, changes
in the acidity of the zwitterions are compensated by changes
in acidity of the corresponding anilinium ions. For reactions
of 1, values of K,, are ca. 10 and are lower than the value,
ca. 500, previously estimated for the corresponding reactions
involving aliphatic amines. It should, however, be noted that
the value for K,, depends directly on the value taken for
kpaeo- Nevertheless, there may be a real difference in the
acidifying effect of the trinitrocyclohexadienate moiety when
reaction involves aliphatic and aromatic amines. In the latter case
acidities are already high so that potential electron withdrawing
effect of the trinitrocyclohexadienate ring is reduced. The trend
(reduction) in values of K, seen in Table 9 as R is changed from
4-OMe to 3-CN may also illustrate this effect.

These results for reaction of 1 allow the schematic energy
diagram shown in Fig. 2 to be drawn, illustrating the requirement
for the presence of a strong base to allow adduct formation to
be observed.

The values of K, decrease strongly as the substitutent R is
changed from 4-OMe to 3-CN. The p value is —3.8 for reaction





1+7+B

9+ AnH"

_..2” 9+ DabcoH'

... 9+ QuinuclidineH"

Fig. 2 Schematic energy diagram representing Scheme 2. The base B may be aniline, Dabco or quinuclidine.

of 1 and —3.7 for reaction of 4. The plot, in Fig. 1, versus
pK, values has a slope of 0.87. It may be significant that the
points for 2-methyl, 2-ethyl and N-methylanilines fall before the
line defined by remote substitutents. This may indicate some
steric hindrance to the formation of the zwitterions, 8, in these
derivatives leading to reductions in values of K.

It has already been noted that for the anilines 7g—i, values of
Kpaveonr» and by inference also values of kp,., are not reduced
by steric factors. However, for these anilines the proton transfer
process ka,, relating to proton transfer from zwitterion 8 to
substituted aniline, was not observed. This is likely to reflect
the increased steric hindrance, referred to earlier, when both
the nucleophile and the proton-accepting base have substituents
close to the reaction centre.

Comparisons between 1 and 4

For reactions of 4, values of k,, listed in Table 10, show a
strong dependence on the nature of the substituent R, with
p = —3.1, while values of k_, show a much smaller dependence.
This indicates a product-like transition state for nucleophilic
attack where bonding between the nucleophile and ring is well-
developed. For aniline 7¢, values are k, 0.3 dm> mol~' s~ and k_,
5 x 10° s7'. Values for the corresponding reaction of 1 are not
observable since the conversion of 1 and its zwitterion 8 is a rapid
equilibrium. However, it is possible to calculate minimum values
for these parameters as follows. The results require that k_, >
kpaeo[Dabco], so that we may estimate that, when [Dabco] =
0.3 mol dm~3, then

k-
—_—— >
kDabco [Dabco]

ko >10x1x10°x0.3

k>3 x10°dm*mol™"'s!

10

For aniline, 7¢, the value of k, may be estimated to be &k, (=
K -k_))>28x 107 x 3 x 10%, > 84 dm’ mol~' s~'. These lower
limits for k, and k_, for 1 are larger than the corresponding values
for 4 by factors of ca. 100. This may be attributed to the high
intrinsic barrier associated with adduct formation at the seven-
position of 4, due to the extensive charge delocalisation which
is possible.”* In the corresponding reactions with aliphatic
amines, values of k, were found® to be considerably larger for
reactions of 1 than 4. This analysis suggests that the reason for
the change in nature of the rate determining step for reaction
of 1 and 4 is the higher value of k_, for 1. This leads to rate
determining proton transfer. The data in Tables 9 and 10 show
that for a given aniline values of Ky, and also of K ,,, are larger
by factors of ca. ten for reaction of 4 than of 1. This indicates that
the zwitterions 11 are more acidic than zwitterions 8. Apparently

the negatively charged 4-nitrobenzofuroxan moiety in 11 is
more electron-withdrawing than the trinitrocyclohexadienate
moiety in 8. Independent support for this idea comes from the
observation® that 7-anilino 4-nitrobenzofurazan, pK, 7.68, is
more acidic than 2,4,6-trinitrodiphenylamine, pK, 8.20. We note
also that in the present work p values for Hammett plots of the
overall equilibrium constant, K, K., have slopes of —0.3 for
reaction of 1 but —0.9 for reaction of 4. This suggests greater
polarisation to give positive charge on the aniline nitrogen in the
adduct 12 than in the adduct 9.

It should be noted that recently*® Terrier et al. have reported
rate measurements of substitution reactions of two nitroben-
zofurazan derivatives, 4-chloro-7-nitro-benzofurazan and 3-
methyl-1-(4-nitrobenzofurazanyl)-imidazolium ion, with a se-
ries of 4-substituted anilines. In these reactions, in water—-DMSO
mixtures, nucleophilic addition is rate limiting. Unexpectedly
high values of f,., >1, were found and were interpreted as
possible evidence for a two-step SET mechanism. This would
involve fast electron transfer from the nucleophile to the
substituted ntirobenzofurazan followed by slow coupling of the
resulting cation and anion radicals. In the present work a plot,
not shown, of the values of log k, for the reaction of 4 with
anilines 7a—e versus the pK, values of the anilines gave a value for
Buue 0f 0.72. This value falls within the normal range***” expected
for SyAr type reactions, so here zwitterion formation is unlikely
to involve the intervention of free radical intermediates.

Experimental

1,3,5-Trinitrobenzene,®  4-nitrobenzofuroxan® and 2,4-
dinitrophenol” were available from previous work. Anilines,
Dabco, quinuclidine and DMSO were the purest available
commercial samples. Amine salts were prepared in solution
by the accurate neutralisation of amines with concentrated
hydrochloric acid.

'"H NMR spectra [*H]-DMSO were recorded using a Bruker
Avance —400 MHz instrument. UV-visible spectra and kinetic
measurements were made with an Applied Photophysics SX-
17MV stopped-flow instrument, or with Shimadzu UV-2101
PC or Perkin Elmer Lambda 2 spectrophotometers. All mea-
surements were made at 25 °C. First order rate constants,
precise to £3%, were evaluated using standard methods. Fits
of experimental data to eqn. (7) for trinitrobenzene or eqn. (8)
for 4-nitrobenzofuroxan were made by minimising the standard
deviation between observed and calculated values.
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The diastereo- and enantioselective organocatalytic epoxi-
dation of o,-unsaturated aldehydes in aqueous solutions is
presented. By the screening of the reaction conditions for
the epoxidation of cinnamic aldehyde applying hydrogen
peroxide as the oxidant and 2-[bis-(3,5-bis-trifluoromethyl-
phenyl)-trimethylsilanyloxy-methyl]-pyrrolidine as the cat-
alyst, a highly stereoselective reaction has been developed.
The scope of the diastereo- and enantioselective organocat-
alytic epoxidation in aqueous solutions is documented by
the asymmetric epoxidation of o,B-unsaturated aldehydes
with enantioselectivities up to 96% ee.

Introduction

Organic reactions in aqueous media have attracted a great deal of
attention in recent years."! Water is cheap, safe and environmen-
tally friendly compared with organic solvents. For the synthetic
chemists, reactions performed in aqueous conditions have
several advantages over the anhydrous equivalents; for instance,
problems associated with drying of solvents and substrates are
avoided. Catalytic asymmetric reactions in aqueous solutions
are attractive, but rare.!”?

Catalytic asymmetric epoxidation reactions play an important
role in organic chemistry since the optically active epoxy prod-
ucts are among the most valuable building blocks.* Although
a variety of efficient synthetic methods have been proposed
for epoxidations reactions catalyzed by chiral Lewis acids*
or organocatalysts,® all these reactions usually are performed
in an organic solvent, especially chlorinated hydrocarbons.
It is therefore a challenge for chemists to perform catalytic
asymmetric epoxidation reactions in a safe, harmless and more
benign solvent, e.g. in water solutions.

Previously our group reported the asymmetric organocat-
alytic epoxidation of o,B-unsaturated aldehydes with H,O,
using a chiral secondary amine as the catalyst.® Thus, a major

3q0/610°ISI MMM
040

step towards more environmentally friendly conditions for this
important reaction would be to perform it in aqueous solution,
and hopefully maintain the high stereoselectivity.

This paper shows that the organocatalytic epoxidation of a,f3-
unsaturated aldehydes with H,O, as the oxidant can successfully
take place in water—alcohol solution and the optically active
epoxides are formed with high enantiomeric excess.

Results and discussion

The reaction of cinnamic aldehyde (1a) with different oxidation
reagents catalyzed by 2-[bis-(3,5-bis-trifluoromethyl-phenyl)-
trimethylsilanyloxy-methyl]-pyrrolidine (3) (10 mol%) was inves-
tigated for the screening process in various solvents and solvent
compositions [eqn (1)]. Table 1 shows some results from this
process.

Pho_-~_H ROOH Ph
= H
FsC (0]
1a 2a
Q CFs (1)
N OTMS

When the catalytic asymmetric epoxidation reaction of cin-
namic aldehyde 1a with 3 equivalent H,0, (35% w/w in H,0)
was carried out in an organic solvent, e.g. CH,Cl,, full conversion
to the epoxy product 2a was achieved in 4 h and 2a was formed
with 96% ee and a dr of 97 : 3 (Table 1, entry 1). Thus,
the 2-[bis-(3,5-bis-trifluoromethyl-phenyl)-trimethylsilanyloxy-
methyl]-pyrrolidine catalyst (3) is compatible with water derived
from the H,O, solution. This findings prompted us to investigate
the catalytic asymmetric epoxidation reaction in aqueous media.
The catalytic activity of 3 in H,O as the solvent was not

Table 1 Screening results for the asymmetric epoxidation of cinnamic aldehyde 1a by different oxidation reagents and in various solvents catalyzed
by 2-[bis-(3,5-bis-trifluoromethyl-phenyl)-trimethylsilanyloxy-methyl]-pyrrolidine (3) (10 mol%)”

Entry Oxidant Solvent Conv. (%) Dr® Ee* (%)
1 H,0, CH,Cl, 99 (4 h) 97:3 96/—
2 H,0, H,0 28 (18 h) 58:42 90/10
3 Cum-O,H¢ H,0 96 (18 h) 78 : 28 16/91
4 UHP* H,O0 41 (18 h) 43:57 90/0
5 +-BuO,H H,0 93 (18 h) 2:98 76/19
6 H,0, H,0 + KHSO, 11 (20 h) 69 : 31 93/18
7 H,0, H,O0 + NaH,PO, 58 (20 h) 17:83 28/6
8 H,0, H,0 + NaHCO; 40 (20 h) 93:7 76/16
9 H,0, EtOH 96 (14 h) 85:15 92/—

10 H,0, EtOH-H,0(9:1) 99 (9 h) 87:13 91/—

11 H,0, EtOH-H,0 (3:1) 94 (9 h) 85:15 93/—

12 H,0, EtOH-H,O (1:1) 97 (9 h) 87:13 92/—

13 H,0, THF-H,0(1:1) 53(9h) 84:16 92/—

“Reaction performed at 0.5 mmol scale of cinnamic aldehyde 1a and 3 equivalent of the oxidant in 1 mL of solvent at room temperature. ® Dr
determined by chiral GC. ¢ Ee determined by chiral GC. “ Cumene hydroperoxide. ¢ UHP = Urea hydrogen peroxide.
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promising and product 2a was obtained with low conversion
and diastereoselectivity, however, a high enantiomeric excess of
major diastereoisomer (90% ee) was found (entry 2). Cumene
hydroperoxide is a suitable oxidation agent in H,O giving
high conversion, but unfortunately, low enantioselectivity was
obtained for the major diastereoisomer (entry 3). For urea
hydrogen peroxide (UHP) as the oxidation reagent moderate
yield and a non-diastereoselective epoxidation took place,
however, the enantiomeric excess of one of the diastereoisomers
was 90% ee (entry 4). The epoxidation with -BuO,H gave the
opposite diastereoisomer, compared to the use of H,O, as the
oxidation reagent; however, the enantioselectivity of the major
diastereoisomer was only 19% ee (entry 5). To study the pH-
effect on the outcome of the asymmetric epoxidation reaction,
various salts were added to the water solution; however, low
conversions were observed (entries 6-8). We were pleased to
find, that the catalytic asymmetric epoxidation proceeded very
well in EtOH, another environmental friendly solvent, with high
conversion and good selectivity (85 : 15 dr and 92% ee for the
major diastereoisomer, entry 9). Furthermore, the epoxidation
reaction also performed smoothly in H,O-EtOH mixtures and
increasing the amount of H,O to 1 : 1 H,O : EtOH, did not
affect the diastereo- and enantioselectivity of the asymmetric
epoxidation reaction compared to the reaction in EtOH (entries
10-12). Changing the solvent H,O-EtOH to H,O-THF gave
low conversion, however, the epoxidation reaction was highly
stereoselective (entry 13).

A series of different o,f-unsaturated aldehydes la-h all
reacted with H,O, in EtOH : H,O (3 : 1) solution with full
conversion affording the corresponding epoxy aldehydes with
high enantioselectivities using 2-[bis-(3,5-bis-trifluoromethyl-
phenyl)-trimethylsilanyloxy-methyl]-pyrrolidine (3) (10 mol%)
as the catalyst. However, in order to have compounds easy to
analyze, the epoxy aldehydes were reduced in situ to the epoxy
alcohols 4a-h. The results for the organocatalytic asymmetric
epoxidation of the different aldehydes are presented in Table 2.

For the results presented in Table 2, it should be noted, that
although full conversion was observed in all reactions, partly
hydrolysis—acetalization of aldehyde functionality lowered the
isolated yield compared to the reactions performed in an
organic solvent. o,B-Unsaturated aldehydes having aromatic
substituents in the B-position la—d were all converted to the
corresponding optically active epoxides in moderate yields and
good diastereo- and enantioselectivities (Table 2, entries 1-4).
The highest enantioselectivity (96% ee) was obtained for p-
chlorocinnamic aldehyde (1¢) (entry 3). 4-Oxo-but-2-enoic acid
ethyl ester (le) containing an ethyl ester functionality in the

(10 %)
1 mol“o R ~ H
RWH EtOH:H,0 (3:1) ?/6\/0 )
2 > R
R O 2) NaBH, 4
1

Table 2 Catalytic asymmetric epoxidation of aldehydes la-h with
H,0, catalyzed by 2-[bis-(3,5-bis-trifluoromethyl-phenyl)-trimethyl-
silanyloxy-methyl]-pyrrolidine (3) (10 mol%) at room temperature in
EtOH:H,0(3:1)

Entry R! R? Yield® (%) Dr? Ee© (%)
1 Ph H: 1a 4a: 43 86:14 92
2 p-F-Ph H: 1b 4b: 34 85:15 85
3 p-CI-Ph H: 1c 4c: 40 84:16 96
4 p-NO,-Ph H: 1d 4d: 56 83:17 90
5 CO,Et H: 1e 4e: 53 81:19 88
6 CH,OBn H: 1f 4f: 38 43:57 85
7 i-Pr H:1g 4g: 48 50:50 91
8 (CH,),CH=CMe, Me:1h 4h:40 69:31 86

“TIsolated yield. ®* Dr determined by chiral GC and 'H NMR. ©Ee
determined by chiral GC and HPLC.

3884

Org. Biomol. Chem., 2005, 3, 3883-3885

B-position gave 53% yield, 81 : 19 dr and 88% ee (entry 5).
For the alkyl substituted o,B-unsaturated aldehydes 1f, g a non-
diastereoselective epoxidation reaction was found, however, the
high enantiomeric excesses of the epoxides were maintained
(entries 6, 7). Citral 1h, having two substituents in the B-position,
was also readily epoxidized and the corresponding optically
active epoxide was obtained with 86% ee (entry 8).

In summary, we have demonstrated that the organocat-
alytic asymmetric epoxidation reaction of o,B-unsaturated
aldehydes catalyzed by 2-[bis-(3,5-bis-trifluoromethyl-phenyl)-
trimethylsilanyloxy-methyl]-pyrrolidine takes place in water—
alcohol solutions using hydrogen peroxide as the oxidation
reagent. The reactions proceed in moderate to good yields and
with up to 96% ee of the optically active epoxides in a safe,
harmless and environmentally benign solvent composition.

This work was made possible by a grant from The Danish
National Research Foundation.

Experimental
General methods

The "H NMR and C NMR spectra were recorded at 400 MHz
and 100 MHz, respectively. The chemical shifts are reported
in ppm relative to CHCl; (0 = 7.26) for 'H and relative to
the central CDCl; resonance (6 = 77.0) for *C NMR. Flash
chromatography (FC) was carried out using Merck silica gel 60
(230-400 mesh). Optical rotation was measured on a Perkin-
Elmer 241 polarimeter. All diastereoselectivities were measured
by '"H NMR spectroscopy. The enantiomeric excess (ee) of
the products were determined by chiral HPLC using Daicel
Chiralpak or Daicel Chiralcel columns with hexane—2-propanol
as eluent.

Materials

Cinnamic aldehyde 1a and the o,B-unsaturated aldehydes 1e-1h,
H,O, and other oxidant reagents were purchased commercially
and used as received. The a,B-unsaturated aldehydes” 1b—1f
and 2-[bis-(3,5-bis-trifluoromethyl-phenyl)-trimethylsilanyloxy-
methyl]-pyrrolidine® 3 were prepared according to literature
procedures.

General reaction conditions

The catalytic asymmetric epoxidation reactions were performed
at 0.5 mmol scale of the o,B-unsaturated aldehyde and 3 equiv. of
the H,0, in 0.75 mL EtOH and 0.25 mL H,O (distilled) mixture
as the solvent at room temperature. After 16 h the reaction
mixture was extracted with Et,O and dried over anhyd. Na,SO,.
The solvent was evaporated and the residue was redissolved in
2 mL MeOH and followed by addition of NaBH, (50 mg). After
20 min, the reaction was quenched by H,O, extracted with Et,0,
dried over anhyd. Na,SO, and concentrated in vacuo to give the
isolated product after FC. See reference 6 for spectroscopic data
of the optically active products.
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