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Rearrangement of N*-prenyl-N°-acetyltryptamine, induced by BF;-Et,O at low temperature, leads to a
2-prenyl derivative, and thence to the tricyclic tryptamine 7 and the indoline 8. Similarly,
N*-prenyl-N°-phthaloyl-L-tryptophan methyl ester furnished the corresponding 2-prenyl derivative 16,
a known advanced precursor of tryprostatin B. Density functional (B3LYP) calculations for the
putative rearrangement transition state for N-prenylskatole show that prior coordination of BF; to the
indolic nitrogen changes the character of the subsequent sigmatropic pericyclic shifts from being
entirely covalent to acquiring a significant degree of ionic character. The shifting prenyl group favours

the endo over the exo mode of the transition state by 4.1 kcal mol~"'.

Introduction

The cell cycle is a strictly regulated biochemical process by
which division into daughter cells occurs.! Hence interference by
any molecule with this division, which occurs under a universal
control mechanism in all eukaryotic cells,” can have far-reaching
consequences, as for example, in the control of diseases such as
cancer. Several alkaloids have been found to possess this property,
notably the G2/M mammalian cell cycle inhibitors such as the
tryprostatins® (1a, 1b) isolated from a marine strain (BM 939) of
Aspergillus fumigatus, and the related cyclotryprostatin.*

1a: R = OMe; tryprostatin A

1b: R = H; tryprostatin B

Our interest in the application of pericyclic reactions to the syn-
thesis of natural products and other heterocycles® had prompted
us to apply one such a reaction to an asymmetric synthesis of
tryprostatin B¢ (1b). Full details pertaining to this work,” involving
an acid-catalysed rearrangement of an appropriately substituted
trytophan, is described herein.

Purely thermal® aza-Claisen reactions of some N-allyl-3-
alkylindoles required high temperatures (450-470 °C) to produce
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their 2- and 3-allyl indolic derivatives respectively. Subsequent
studies had shown that substantial reduction in the activation
energy of the reaction can be achieved in the presence of protic
or Lewis acids, and that such reactions can be performed at room
temperature or lower. Of particular relevance to the present study
were the observations of Casnati et al® that the CF;COOH-
catalysed rearrangement of N-(3,3-dimethylallyl)skatole (2) led,
at RT, to a mixture (1 : 1) of 3 and 4 (Scheme 1).

2
J CF4CO,H J
Me Me
\ N \
" "
H X Y
3 4
Scheme 1

Results and discussion

From the standpoint of the synthesis of (—)-tryprostatin B (1b)
starting from an appropriate derivative of indole, the forma-
tion of a compound of type 3 is undesirable. Therefore some
preliminary experiments were performed with N*-prenyl-N®-
acetyltryptamine’ (6), readily secured from N*-acetyltryptamine
(5) (Scheme 2), as the model compound, to define conditions that
favour principally, if not, exclusively, a type 4 compound.

Since the initial results with CF;COOH or AICI; as catalysts
were not promising, BF;-Et,O was next examined to induce the
rearrangement of 6. Systematic variation of substrate versus Lewis
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acid concentration led to the definition of experimental conditions
whereby it was possible to bring about a chemical reaction without
a wealth of products being formed. Thus the reaction carried out at
RT (24 h) with 6 and the Lewis acid (12 eq.) yielded two products,
A and B, in 15% and 6% yields respectively. The presence of the
NHCO group in A was indicated by two IR absorptions at 3445
and 1671 cm™', and its "H-NMR spectrum contained a total of
4 aromatic hydrogens (dy 7.5-7.0), 8 methylene protons and a
geminal dimethyl group (0 1.62, 6H, s). Notable was the absence
of the indolic C2 hydrogen, indicating that a rearrangement of 6
had occurred. These data taken in conjunction with its molecular
formula C;H,,N,0, as determined by exact mass measurement,
limited its structure to either 7 or 9 (Scheme 3).

NHAc NHAc
9
3
- A \\ 2 o o \
N N
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HsC, CHs

Scheme 3

Similarly, the infrared absorptions at 3411 and 1635 cm™'
and the '"H-NMR (4H, Ar-H) of compound B, analysing for
C,;H,N,0, were consistent with a bridged hexahydropyrroloin-
dole, 8 or 10 (Scheme 3). Evidence in favour of structure 8 was
forthcoming from a bi-dimensional HMBC experiment, which
established a correlation between C3 and the hydrogens of the
geminal dimethyl groups, two carbons away. When the above
reaction was worked up before 7 and/or 8 were detected on the
TLC plates, a new isomeric product 11 could be isolated in 23%
yield, with the bulk of the starting material remaining unaltered.
Its structure was deduced from its '"H-NMR, IR spectra and
mass spectra (M*). Thus the absence of a hydrogen at C2 and
the presence of a resonance signal at dy 5.29 (1H, t, J = 7 Hz)
excluded the alternative product 11a (Scheme 4).

The observation that pure 11, on exposure to BF;-Et,0, under
similar conditions, was converted into A (45%) and B (18%),
showed that it was the most likely precursor of both these
compounds, and excluded the alternative structures 9 and 10.
Having established the feasibility and conditions necessary to
bring about the desired rearrangement (6 — 8), the phthaloyl

NHAc
A
N
H X
11a
Scheme 4

derivative 12 (Scheme 5), incapable of forming a tetracycle similar
to 8, was chosen for study.
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Scheme 5 Reagents and conditions: a) Na, liq. NH;, Me,C=CHCH,Br;
b) N-carbethoxyphthalimide, NaH; ¢) CH,N,; d) phthalic anhydride; )
DCC, DMAP.

Since attempted prenylation of methyl-N°-phthaloyl-L-(—)-
tryptophan (NaH/DMF/prenyl bromide) could not be achieved
without racemisation, the requisite substance was prepared by a
literature method." Thus, L-(—)-tryptophan in Na/liq. NH; was
first prenylated, and the resulting amino acid 13 (mp 196-198 °C;
lit.™ mp 201-202 °C) converted to the phthalimide derivative 14
([alo —174.4, lit."" [a], —174.5) with N-carbethoxyphthalimide.

This journal is © The Royal Society of Chemistry 2006
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Methylation of the former with CH,N, provided the N°®-
phthalimido ester 12 (79%; [a]p —173.1; mp 93-94 °C; M*
416.17448, C,sHxN,O, requires 416.17359). Alternatively 12
could be obtained by treatment of 13 with phthalic anhydride
and Et;N, followed by ring closure of resulting phthalamic acid
15 with DMAP and DCC (Scheme 5). Since the singlet due to
the OMe group (Jdy 3.78) of the ester 12 was not split on addition
of the shift reagent Eu(tfc); (a similar treatment of the racemate
caused the splitting of the same signal into two, in equal intensity)
the substance with [a], —173.1 was deemed to be optically pure.

Rearrangement studies

With the key intermediate 12 available in reasonable quantities, a
systematic study was undertaken to define optimum conditions
which entailed minimum loss of optical purity and maximum
chemical conversion during its rearrangement to 16 (Scheme 6).

CO,Me
NPhth
\ BF3-Et,0
’I‘\)\ 61%
= (see Table 1)
12

4 steps
overall
yield
46%

(ref. 6a,b)

1b tryprostatin B

Scheme 6

As in the transformation of 6 to 8, CF;COOH both as a solvent
and as a proton source proved to be less satisfactory, although in
one experiment, 16 with an ee of 84% was obtained in 49% yield.
More promising results were obtained with BF;-Et,0, as can be
seen in Table 1.

It was found that, in general, rearrangements conducted at

Fine-tuning of the experimental conditions enabled the highest
optical purity (95% ee) to be achieved (Table 1, entry 4, 23.6
eq. of BF;-Et,0 per mole of substrate, —4 °C, 18 h). Under these
conditions, 16 was obtained as a pale yellow solid in 61% yield after
purification by PTLC [18% from L-(—)-tryptophan]. The spectral
data ("H-NMR, "C-NMR and IR) were in agreement with those
reported.®*® Since the conversion of 16 into (—)-tryprostatin B
has been reported,’® the work detailed above constitutes in a
formal sense a highly enantiomerically pure synthesis of the same
(Scheme 6).

Mechanism

It is interesting to speculate on the mechanism by which con-
version of 12 into 16 takes place. If on the basis of the proven
intramolecularity of the rearrangement of 2 (as shown by crossover
experiments®) the involvement of a discrete ion pair is excluded,
three concerted pathways can be envisaged (Scheme 7).
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—4 °C or below with an excess of BF;-Et,O (a maximum of o° ©

36.3 eq.) afforded the desired product 16 (Scheme 6) with [a], < endo (favoured) exo

=210, i.e. ee > 86% based on the value of [a], —252, reported by

Danishefsky,** as that of the enantiomerically pure compound. Scheme 7

Table 1 BF;-Et,O-catalysed rearrangement of 12 to 16

Starting material 12 Product 16

Entry Amount/mmol Eq. Molar ratio BF;-Et,0/12 Temperature/°C Time/h Yield (%) [alo ee (%)
1 0.06 1 7.2 RT 15.5 64 —209 83
2 0.048 1° 7.2 —4 40 54 —218 86
3 0.048 1 14.8 —4 40 68 —226 89
4 0.072 1 23.6 —4 18 61 —241 95
5 0.048 1€ 23.6 —4 18 63 —227 90
6 0.048 1 36.3 —14 120 71 —-214 84

“Molarity 0.024 M, in CH,Cl,. ®* Molarity 0.019 M, in CH,Cl,. ¢ Molarity 0.012 M, in CH,Cl,.
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Pathway « would entail consecutive [3,3]- and [3,5]-
rearrangements of the prenyl group from the indole nitrogen—
BF; complex, followed by a [1,5]-sigmatropic H shift. Excluding
the suprafacial 3s,5s sigmatropic shift,” which is forbidden by
selection rules, two other pathways are available for the trans-
formation. They are a direct [1,5] shift (pathway ») and two
consecutive [3,3]-shifts (pathway c). Shifts involving allyl groups
with retention, unlike similar hydrogen and alkyl transfers,’** are
relatively rare. Such a possibility was first raised by Miller'3*«
in connection with the origin of phenolic products from the
acid-catalysed rearrangement of linearly conjugated substituted
cyclohexadienones (Scheme 8). He noted that substances with
terminally substituted allyl groups are reluctant to undergo the
normal [3,3]-shifts (leading to inversion) if the centre to which
migration occurs bears a bulky substituent. Instead, under these
circumstances, it was suggested that a direct [1,5]-allyl shift
(retention) could well prevail (17 — 18 — 19).

_ y _ y
@ %
L.
: .
AN —
17 - 18 - 19
Scheme 8

A more quantitative discrimination between these various alter-
natives can be made on the basis of density functional (B3LYP)
calculations of the putative transition states for N-prenylskatole.
These show that prior coordination of BF; to the indole nitrogen
changes the character of the subsequent sigmatropic pericyclic
shifts from being entirely covalent to having a significant degree
of ionic character, involving an allyl-like carbocation balanced by
a F;B~ anion. m—n-Stacking of the allyl group of the partially
coordinated ionic component over the aromatic ring favours
an endo arrangement (a [3,3]-like shift) of the transition state
geometry over an exo isomer (a [1,5]- or [1,2]-like shift) by 4.1
kcal mol™' (¢f. Table 2). The form of the calculated transition
mode shows it to ‘pivot’ about the 3a-position (c¢f. Scheme 7, box),
and overall the effect is of a [1,2] N — C migration (Fig. 1).

The barrier (corrected for solvation by dichloromethane) cor-
responds to a reasonably facile thermal reaction at C3a, thus
avoiding the large substituent at C3 in 12.1

A similar mechanism can also be invoked to explain the exclusive
conversions of the other two substituted tryptamine derivatives
6 and 20 to 11 and 21, respectively (Scheme 9). Relevant in
this context are the results of Sammes et al.,** who reported that
BF;-Et,0 treatment of the tryptophan derivative 22 gave rise to
23 and 24. In the light of the arguments presented above, it is
suggested that the isomeric structures 25 and 26 could not be
excluded for them.

Conclusions

Use of the Lewis acid BF;-Et,O induces a 1,2-prenyl shift in N®-
phthaloyl-N*-prenyl-L-tryptophan methyl ester, and leads directly
to an advanced synthetic precursor of tryprostatin B. N°-Acetyl-
N*-prenyltryptamine also furnished a similar rearrangement prod-
uct. It, however, underwent further reaction involving either the
amidic or the indolic nitrogen, to provide indoline 8 and the fused
pyrroloindole derivative 7 respectively. The transition state for this
pseudo-pericyclic reaction involves a preferred endo mode.

Experimental

Melting points were determined on a Reichert Thermovar ap-
paratus and are uncorrected. Optical rotations were determined
in a Perkin-Elmer 241 MC polarimeter at RT, and [a], values
are given in 107" deg cm? g'. Ordinary mass spectra were
recorded on a Fisons TRIO 2000 or AEI MS-9 spectrometers.
'H- and "C-NMR spectra were recorded in CDCI; on a Bruker
ARX 400 spectrometer. Chemical shifts are reported relative to

Table 2 B3LYP/6-31G(d) energy calculations for the endo and exo transition state modes

Free energy barrier/kcal mol™!

Mode

B3LYP/6-31G(d)* CPCM? solvation model

Endo [1,2]-sigmatropic transition state for N-to-C2 migration
Exo [1,2]-sigmatropic transition state for N-to-C2 migration

AE(endo — exo)

25.8 (v; 88 cm™) 19.6
29.9 (v, 248 cm™) 26.6
4.1 ~7.0

“ Free energy barrier, AG,y, computed from zero-point thermal and entropy corrections to the total energies of reactant and transition state. Geometric
coordinates and transition state normal-mode animations are available — see the ESI for this article.t ® Solvation corrections were applied at the
SCRF(CPCM) level (V. Barone and M. Cossi, J. Phys. Chem. 4, 1998, 102, 1995), specifying dichloromethane as solvent.
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tetramethylsilane as the internal reference (64 0.00) for '"H-NMR
spectra and to CDCl; (dc 77.00) for PC-NMR spectra. High-
resolution mass spectra were recorded on an AutoSpecQ spec-
trometer. IR spectra were run on a FT Perkin—Elmer 683
instrument, with absorption frequencies expressed in reciprocal
centimetres. Thin-layer chromatography was performed on Merck
silica gel 60 F,s, plates and PTLC on 0.5 mm thick plates. Column
chromatography was carried out on Merck silica gel 60 (70-230
mesh). Usual work-up implies drying the water- or brine-washed
organic extracts over anhydrous sodium sulfate or magnesium
sulfate, followed by filtration and evaporation of the solvent from
the filtrate under reduced pressure. Anhydrous solvents were dried
as described' and freshly distilled.

N"-Acetyl-N*-prenyltryptamine' (6)

Mp 63-65 °C (n-hexane); IR (CH,Cl,): v,,/cm™ 270 (N-H),
1648 (s, C=0); '"H-NMR (400 MHz, CDCl;): 0y 7.59 (1H, d, J =
7.8 Hz), 7.31 (1H, d, J = 8.2 Hz), 7.22 (1H, t, J/ = 7.5 Hz), 7.11
(1H, t, J = 7.4 Hz), 6.94 (1H, s), 5.50 (1H, bs, exchangeable with
D,0), 5.37 (1H, t, J = 6.3 Hz), 4.6 (2H, d, J = 6.7 Hz), 3.58 (2H,
q,J =6.4Hz),2.96 2H, t, J = 6.6 Hz), 1.92 (3H, s), 1.82 (3H, 1),
1.77 (3H, s); "C-NMR: . 170.2, 136.5, 136.4, 128.8, 128.7, 128.1,

120.0,119.0,111.5,109.7,43.9, 39.9, 25.5, 25.1,23.2, 17.8; HRMS
(ED): m/z C;;H»,N,O requires 270.17320, found 270.17357.

Rearrangement experiments

N®-Acetyl-N*-prenyltryptamine (6) (200 mg, 0.74 mmol) and
BF;-Et,0 (1.2 ml, 9.47 mmol) were stirred in an ice-bath until
all the starting material had reacted (24 h). Excess BF;-Et,O was
neutralised with Et;N and the resulting mixture diluted with Et,O,
the organic layer washed with water and dried. Following usual
work-up, the products were isolated by PTLC (Et,0) to furnish
compounds 7 and 8.

Compound 7. Colourless oil (30 mg, 15%); IR (CH,Cl,):
Vmx/cm~' 3445 (N-H), 1671 (s, C=0); '"H-NMR (400 MHz,
CDCl,):64 7.50(1H,d, J =7.5Hz),7.40 (1H,d, J =7.7Hz), 7.01-
7.11 (2H, m), 5.58 (1H, br s, exchangeable with D,0), 3.53 (2H,
m), 2.94 2H, t,J =7.3 Hz), 2.89 (2H, t, J = 6.7 Hz), 2.42 (2H, t,
J=7.3Hz),1.91 (3H, ), 1.62 (6H, s); *C-NMR: . 170.1, 141.7,
133.0, 131.3, 120.0, 118.6, 118.4, 109.7, 101.8, 60.8, 43.4, 39.8,
24.5,23.2,21.9; HRMS (EI): m/z C,;H,,N,O requires 270.17320,
found 270.17310.
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Compound 8. Colourless oil (11.1 mg, 6%); IR (CH,Cl,):
Vmax/Cm~" 3411 (N-H), 1636 (s, C=0); '"H-NMR (400 MHz,
CDCly): o4 7.06 (1H, t, J = 7.6 Hz), 7.02 (1H, d, J = 7.3 Hz),
6.70 (1H, t, J = 7.3 Hz), 6.46 (1H, d, J = 7.8 Hz), 5.66 (1H,
bs, exchangeable with D,O), 3.63 (1H, m), 3.14-3.21 (1H, m),
2.26-2.36 (3H, m), 2.08 (1H, dd, J, = 12.5, J, = 5.9 Hz), 1.99
(3H, s), 1.93 (1H, dd, J, = 12.3, J, = 8.8 Hz), 1.60-1.66 (1H,
m), 1.16 (3H, s), 0.73 (3H, s); "C-NMR: J. 169.2, 150.7, 129.5,
128.3, 122.7, 118.0, 108.3, 97.2, 70.4, 49.0, 43.8, 40.3, 36.1, 32.7,
24.0,23.2,22.2; HRMS (EI): m/z C;H,N,O requires 270.17320,
found 270.17284.

Isomerisation of 6 to 11

Compound 6 (110 mg, 0.407 mmol) in BF;-Et,O (0.65 ml,
5.13 mmol) was allowed to stand at 0 °C (1.5 h). Et;N was then
added followed by EtOAc and water. Usual work-up furnished
compound 11: yellow oil (25 mg, 23%); IR: v /cm™"' 3452 (N-
H), 1671 (s, C=0); 'H-NMR (400 MHz, CDCl;): 6 8.17 (1H, s,
exchangeable with D,O), 7.49 (1H, d, J = 7.5 Hz), 7.27 (1H, d,
J = 7.8 Hz), 7.04-7.13 (2H, m), 5.65 (1H, bs, exchangeable with
D,0), 5.29 (1H, t, J = 7 Hz), 3.49 (2H, q, J = 6.3 Hz), 3.43 (2H,
d,J =7.0Hz),2.99 2H, t, J = 6.5 Hz), 1.86 (3H, s), 1.76 (3H, s),
1.75 (3H, s); *C-NMR: o 170.2, 135.4, 134.9, 128.8, 121.3, 120.3,
119.5,118.0, 110.5, 107.8, 39.9, 25.6,24.9, 23.9, 23.2,17.7; HRMS
(E1): m/z C,;H,,N, 0 requires 270.17320, found 270.17310.

Isomerisation of 11 to 7 and 8

Exposure of 11 (10 mg, 0.037 mmol) to BF;-Et,O (56 pl,
0.442 mmol) followed by work-up furnished 7 (4.5 mg, 45%) and
8 (1.8 mg, 18%).

N*~(3,3-Dimethylallyl)- N*-phthaloyl-L-tryptophan methyl ester
12)

Method  A. N*-(3,3-Dimethylallyl)- N*-phthaloyl-L-trypto-
phan' (14) (50 mg, 0.12 mmol) in MeOH (10 ml) at 0 °C was
treated with an excess of CH,N, in ether. On completion of the
reaction (0.5 h), the solvents were removed under reduced pressure
and the residue obtained purified by PTLC (Et,0-n-hexane)
to yield the methyl ester 12: yellow solid (39.3 mg, 79%) on
crystallisation (Et,0); [a]; —173.1 (¢ 0.34, CH,CL); IR: v, /cm™
2964, 2927, 2858, 1745 (s), 1726 (s), 1612; '"H-NMR (400 MHz,
CDCL): o4 7.75-7.77 (2H, m), 7.66-7.68 (2H, m), 7.60 (1H, d,
J =17.8Hz),7.20 (1H, d, J = 8.1 Hz), 7.13 (1H, t, / = 7.4 Hz),
7.04 (1H, t, J = 7.8 Hz), 6.87 (1H, s), 5.25 (1H, t, / = 7.9 Hz),
5.13 (1H, bs), 4.51 (2H, d, J = 6.7 Hz), 3.79 (3H, s), 3.72 (2H,
d, J = 7.8 Hz), 1.68 (3H, s), 1.65 (3H, s). The OMe group (Jy
3.79) remained as a singlet on addition of Eu(tfc); (0.5 to 1.0 eq.)
to the above solution. ®C-NMR: . 169.9, 167.7, 136.3, 134.1,
132.0, 128.0, 126.0, 123.5, 121.6, 119.9, 119.1, 118.8, 109.6, 109.5,
52.7,43.8,25.4,24.7, 17.7, HRMS (EI): m/z C,sH,,N,O, requires
416.17359, found 416.17448.

Method  B. N®-(3,3-Dimethylallyl)-L-tryptophan'  (13)
(130 mg, 0.48 mmol) in MeOH (30 ml) at 0 °C was treated with
CH,N, in ether. On completion of the reaction (TLC control) the
solvents were removed by a current of N,. The residue obtained

was dissolved in THF (15 ml), and to the resulting solution
were added phthalic anhydride (115 mg, 0.78 mmol) and Et;N
(110 ml, 0.79 mmol). The crude phthalamic acid 15 obtained on
removal of solvent was dissolved in dry CH,Cl, (15 ml), and the
resulting solution treated with DMAP (40 mg, 0.32 mmol) and
DCC (200 mg, 0.96 mmol). When the reaction was judged to be
complete (TLC control), the solid formed was filtered off. The
solvent from the filtrate was evaporated and the resulting residue
purified (PTLC; Et,O-n-hexane, 20%) to give 12: [a]5 —168.1
(c0.11, CH,Cl,).
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Baylis—Hillman reactions of 2-nitrobenzaldehydes with various activated alkenes afford adducts that
undergo reductive cyclisation to quinoline derivatives. The chemo- and regioselectivity of cyclisation
appears to be influenced by the choice of both the substrate and the reagent system, and competing

reactions have been observed.

The quinoline nucleus features prominently in compounds which
exhibit medicinal properties.! Notable amongst these are syn-
thetic antimalarials® such as chloroquine and primaquine, fungi-
cides such as halacrinate,® antibacterial 4-quinolones such as
ciprofloxacin and norfloxacin,* the HIV-1 protease inhibitor
saquinavir,’ and styrylquinolines as potential HIV-1 integrase
inhibitors.® Not surprisingly, an array of synthetic methods has
been developed to access quinoline derivatives, including the
classic Skraup, Doebner—von Miller, Conrad-Limpach and Knorr
syntheses.>’

As part of our ongoing research into applications of the
Baylis—Hillman reaction in the construction of benzannulated
heterocycles,® we reported, in a preliminary communication,’
the synthesis of quinoline, quinoline-N-oxide and 2-quinolone
derivatives from 2-nitrobenzaldehyde—an approach which ob-
viates use of the relatively inaccessible 2-aminobenzaldehydes
required in the Friedlander synthesis. Numerous applications
of Baylis—Hillman methodology in the preparation of quinoline
derivatives have since been reported.'®? In this paper, we discuss:
the results of our studies into the generality of the Baylis—Hillman
approach to quinoline derivatives; competing reactions; and the
interconversion of the quinoline and quinoline-/N-oxide products.

An extensive range of 2-nitrophenyl Baylis—Hillman adducts
3a-r (Scheme 1), required as potential precursors for the targeted
quinoline derivatives, were prepared by reacting the nitroben-
zaldehydes 1a—i with the activated alkenes 2a—f in the presence of
the nucleophilic catalyst, DABCO. Electron-releasing substituents
(e.g., hydroxy or alkoxy, as in compounds 1¢, d, f and g) may
be expected to decrease electrophilicity and, hence, reactivity
at the aldehydic carbonyl carbon while (additional) electron-
withdrawing substituents (e.g., nitro, as in compounds 1h and 1i)
should enhance reactivity. However, the disparate yields observed
for the corresponding sets of products [3¢ (33%); 3d (24%); 3f
(73%); 3g (60%); 3j (90%) and 3m (14%)] and [3k (ca. 0%)*" and
30 (25%)] are hardly consistent with such expectations and may
well reflect the importance of steric, kinetic and thermodynamic
factors in a reaction that has been shown to be reversible.?? The
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apparent failure?® of the reaction with 2,5-dinitrobenzaldehyde
1i is attributed to steric shielding by the nitro groups on either
side of the carbonyl moiety effectively inhibiting nucleophilic
attack by the zwitterionic Baylis—Hillman intermediate. Attention
was given to optimising the reaction conditions by varying
reactant concentrations, the catalyst and the reaction time. Under
conditions found to be optimal, a solution of 2-nitrobenzaldehyde
1a (1 eq.), ethyl acrylate 2d (1.5 eq.) and DABCO (0.05 eq.) in a
minimal volume of chloroform was stirred at room temperature for
6 days; the resulting yield of the chromatographed product 3p was
thus increased from 46% to 95%. While the yield of compound
30 was also increased from 25% to 92%, these conditions
were not equally effective across the limited range of substrates
examined, and there is clearly room for improvement in certain
cases.

Selected Baylis—Hillman products 3 were then subjected to
reduction under various conditions, in the expectation that the
resulting 2-amino analogues would undergo cyclisation to the
desired quinoline derivatives. The methods of choice, following
examination of several reducing systems, were either catalytic
hydrogenation using a 10% palladium-on-carbon catalyst or
reduction using stannous chloride dihydrate. Use of the former
reagent system is illustrated in Scheme 2, the latter in Scheme 3.
Intramolecular cyclisation of the 2-amino derivatives 5 (Scheme 2)
might be expected to proceed either via conjugate addition (Path I)
or via nucleophilic attack at the carbonyl carbon (Path II). Under
catalytic hydrogenation conditions, however, Path II appears to
be favoured, affording initially, we suggest, the “tetrahedral inter-
mediate” 7. When the substituent ‘R’ is alkyl, nucleophilic attack
followed by dehydration leads to the quinoline and quinoline-
N-oxides 8 and 9, respectively, whereas when ‘R’ is alkoxy, acyl
substitution affords the quinolone derivatives 11, 12 and 13.
Ketone precursors 3 (R° = CO.R) thus tend to yield quinoline
derivatives, while ester precursors 3 (R* = CO,R) afford quinolone
derivatives. The formation of quinoline-N-oxides is attributed
to early cyclisation of incompletely reduced, nucleophilic, N-
oxygenated intermediates. In three cases, hydrogenation of the
alkene moiety alone afforded compounds 10a, d and g.

While product selectivity on reduction with stannous chloride
dihydrate also appears to be substrate-dependent, the pattern is
rather different. Under these conditions (Scheme 3), ketone pre-
cursors 3 (R’ = CO.R) favour conjugate addition and dehydration
or, more likely, concerted Sy’ displacement of the hydroxyl group,
to give the N-hydroxydihydroquinolines 14; ester precursors
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3 (R° = CO,R) behave similarly but cyclisation affords the
dihydroquinoline derivatives 15. Stannous chloride presumably
not only serves to reduce the nitro group but also to coordinate
with the hydroxyl group, thus facilitating cyclisation via the Sy’
pathway.

Given the formation of both quinolines and quinoline-N-oxides
on catalytic hydrogenation of ketone precursors (Scheme 2),
methods for interconverting these products were explored. Treat-
ment of 2,3-dimethylquinoline 8a with m-chloroperbenzoic acid
(MCPBA) in chloroform® afforded the corresponding N-oxide
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9a in 78% yield, while the N-oxide 9a was readily converted to
the quinoline 8a in 79% yield on treatment with phosphorus
tribromide in N,N-dimethylformamide (DMF).** In order to
demonstrate “direct” syntheses of either the quinoline or the
quinoline-N-oxide derivatives from the Baylis—Hillman precursor
3a, crude mixtures of both products were treated (i) with PBr;
to afford the quinoline 8a in 86% yield; and (ii) with MCPBA to
afford the quinoline-N-oxide 9a in 85% yield (Scheme 4).

A number of unexpected side reactions have also been observed.
Thus, reaction of 8-methoxy-2-nitrobenzaldehyde 1d with MVK
2a afforded the Baylis—Hillman product 3d in only 24% yield, the

R3 PBr3,
DMF
8a,c (R3=H)

MCPBA, PBr3,DMF
CHCI 3
Ro=H) (R3= H,OH)

Mixture of products

major product (60%) being the bis-MVK adduct 17 (Scheme 5).
Shi et al® have reported the formation of similar adducts
in DABCO- or 4-(dimethylamino)pyridine (DMAP)-catalysed
reactions of certain arylaldehydes with MVK, and noted that
the yields of the adducts could be enhanced by increasing the
concentration of MVK. Interestingly, however, Shi et al.*® found
(in line with our own observations) that 2-nitrobenzaldehyde 1a
failed to afford the bis-M VK adduct, the sole product being the
normal Baylis—Hillman adduct 3a. It seems that the presence of
the 3-methoxy group is a critical factor in the formation of the bis-
MVK adduct 17, and detailed mechanistic and theoretical studies
are now being undertaken to explore substituent effects on these
transformations. The formation of the MVK dimer 16 in Baylis—
Hillman reactions involving MVK is well known.?

Catalytic hydrogenation of the bis-MVK adduct 17 gave a
mixture of the acyclic diketone 18 (43%) and the quinoline
derivative 19 (7%). The latter product arises from tandem (in
uncertain order!) reduction of the nitro group, cyclisation via
condensation of the resulting amino group with the unconjugated
ketone, hydrogenation of the conjugated alkene and dehydration
to afford the aromatic quinoline. Simple catalytic hydrogenation
of the conjugated alkene moiety in the substrate 17 would account
for the formation of the dominant, acyclic product 18; similar
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hydrogenation of the alkene moiety in the Baylis—Hillman adducts
3a, d and g has already been noted (Scheme 2). However, catalytic
hydrogenation of the cyano- and phenylsulfonyl derivatives, 3q and
3r respectively, results in reduction of both the alkene and the nitro
moieties (presumably in that order) to afford the corresponding
acyclic systems 20 as the sole products.

In summary, it is apparent that, while competing reactions
have been observed, cyclisation of the initial Baylis—Hillman
adducts 3 provides convenient access to a range of quinoline
derivatives and that significant chemoselectivity can be achieved
by judicious choice of the reactants and reagent systems. Thus,
catalytic hydrogenation of ketone precursors 3 (R* = CO.R;
Scheme 6) yields quinolines 8 and quinoline-N-oxides 9 via
nucleophilic carbonyl addition and dehydration, whereas ester
precursors 3 (R* = CO,R) afford quinolone derivatives 11-13
via acyl substitution. Reduction with SnCl,-2H,0O, on the other
hand, favours cyclisation via conjugate addition to give 1,2-
dihydropyridine derivatives 14 or 15. However, it should be noted
that, in most cases, reaction conditions have not been optimised
and it is likely that product yields, in general, could be improved.

Experimental

Melting points were determined using a Kofler hot-stage apparatus
and are uncorrected. 400 MHz 'H and 100 MHz “C NMR
spectra were recorded on Bruker AM X400 or AVANCE 400 MHz
spectrometers at 303 K in CDCI, (or, where specified, in DMSO-
ds), and calibrated using solvent signals. Infrared spectra were
recorded on a Perkin Elmer FT-IR spectrum 2000 spectrometer.
Low-resolution (EI) mass spectra were obtained on a Finnigan-

Mat GCQ mass spectrometer and high-resolution (EI) mass
spectra on a VG70-SEQ double-focusing magnetic sector spec-
trometer (Cape Technikon Mass Spectrometry unit or Department
of Chemistry, University of the Witwatersrand). The general
synthetic procedures are illustrated by the following examples.

4-Hydroxy-3-methylene-4-(2-nitrophenyl)butan-2-one 3a

A solution of 2-nitrobenzaldehyde 1a (10.0 g, 66.0 mmol), methyl
vinyl ketone 2a (6.99 g, 99.0 mmol), DABCO (0.37 g, 3.3 mmol)
in CHCl; (2 mL) was stirred in a stoppered flask at room
temperature for 7 days. The solvent was evaporated from the
resulting mixture in vacuo, and the crude product was purified
by flash chromatography on silica [using EtOAc-hexane (1 : 3)]
to afford, as yellow-brown crystals, 4-hydroxy-3-methylene-4-(2-
nitrophenyl)butan-2-one 3a (11.2 g, 75%), mp 79.5-82.5 °C (lit."”
94-95 °C)¥ (Found, M*: 221.06672. Calc. for C,;H,;NO,: M,
221.06881); v, (KBr)/cm™ 3361 (OH) and 1665 (C=0); oy 2.34
(3H, s, CH;), 3.29 (1H, br s, OH), 5.77 and 6.15 (2H, 2 x s, CH,)
and 6.20 (1H, s, CH), 7.43 (1H, t, J 7.2 Hz, 4-H), 7.62 (1H, t, J
7.2Hz,5-H),7.74(1H,d, J 8.0 Hz, 6'-H) and 7.92 (1H, d, J 8.0 Hz,
3-H); dc 26.4 (C-1), 67.9 (C-4), 124.6, 126.8, 128.9, 129.3, 133.8,
136.4, 148.1 and 148.9 (C=CH, and Ar-C) and 199.8 (C=0); m/z
221 (M*, 0.2%) and 43 (100).

Catalytic hydrogenation of 4-hydroxy-3-methylene-4-
(2-nitrophenyl)butan-2-one 3a

4-Hydroxy-3-methylene-4-(2-nitrophenyl)butan-2-one 3a (1.00 g,
4.50 mmol) was dissolved in ethanol (50 mL), 10% Pd-C catalyst
(0.16 g) was added, and the reaction mixture was stirred vigorously
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under hydrogen at atmospheric pressure for 1.5 hours. The solvent
was evaporated in vacuo, and the crude product was dissolved
in CH,Cl,, dried (anhyd. MgSO,) and finally purified by flash
chromatography on silica [elution with hexane-EtOAc (3 : 1)] to
afford three fractions.

Fraction1. Aslight yellow crystals, 2,3-dimethylquinoline 8a*!
(0.13 g, 14%), mp 69-70 °C (Found, M*: 157.08826. Calc. for
C, H;N: M, 157.08915); v,x(KBr)/cm=" 1663 (N=C); J,; 2.42
and 2.67 (6H, 2 x s, 2 x CH;), 7.43 (1H, t, J 7.6 Hz, 6-H), 7.58
(1H,t,J 7.6 Hz, 7-H), 7.68 (1H, d, J 8.0 Hz, 5-H), 7.80 (1H, s, 4-H)
and 7.99 (1H, d, J 8.0 Hz, 8-H); 6 19.7 and 24.2 (2 x CH,), 124.9,
125.8, 126.8, 128.4, 128.5, 130.4, 135.8, 146.2 and 159.1 (Ar-C);
m/z 157 (M*, 100%).

Fraction 2. As reddish-brown oil, 4-hydroxy-3-methyl-4-(2-
nitrophenyl)butan-2-one 10a (0.108 g, 8%) (lit.>* not detailed);
Vmax(KBr)/cm™" 3390 (OH) and 1715 (C=0); oy 1.18 (3H, d, J
7.2 Hz, CH,CH), 2.12 (3H, s, CH,CO), 3.09 (1H, m, 3-H), 3.83
(1H, brs, OH), 5.39 (1H, d, J 6.0 Hz, 4-H), 7.43 (1H, t, J 7.2 Hz,
5-H), 7.61 (1H,t,J 7.6 Hz, 4-H), 7.67 (1H, d, J 6.8 Hz, 3-H) and
791 (1H, d, J 8.4 Hz, 6-H); . 14.6 (CH;CH), 30.3 (CH,CO),
51.9 (C-3), 71.4 (C-4), 124.5, 128.5, 128.7, 133.3, 137.4 and 139.9
(Ar-C) and 213.5 (C=0).

Fraction 3. As brown crystals, 2,3-dimethylquinoline-/N-oxide
92a° (0.59 g, 66%), mp 123-125 °C (Found, M*: 173.08338. Calc.
for C;;H;;NO: M, 173.08406); v,,.«(KBr)/cm™' 1650 (N=C) and
1318 (N-O); 6 2.45 and 2.68 (6H, 2 x s, 2 x CHj;), 7.45 (1H, s,
4-H),7.51 (1H, t,J 7.6 Hz, 6-H), 7.63 (1H, t, J 7.6 Hz, 7-H), 7.68
(1H, d, J 8.0 Hz, 5-H) and 8.68 (1H, d, J 8.8 Hz, 8-H); o, 14.7
and 20.2 (2 x CH;), 119.6, 125.1, 127.1,127.7, 128.1, 129.2, 130.8,
139.9 and 146.4 (Ar-C); m/z 173 (M*, 70%) and 156 (100).

Stannous chloride reduction of methyl 3-hydroxy-2-methylene-3-
(2-nitrophenyl)propanoate 31

To a solution of methyl 3-hydroxy-2-methylene-3-(2-nitro-
phenyl)propanoate 31 (1.19 g, 5.0 mmol) was added a solution
of SnCl,-2H,0 (5.64 g, 25 mmol) in MeOH (10 mL). The resulting
mixture was stirred at 70 °C for 5 h and then, after cooling, poured
into ice, basified (pH 7-8) using aq. NaHCO;, and extracted
repeatedly with EtOAc. The combined organic extracts were
washed (satd. aq. NaCl) and dried (anhyd. Na,SO,). Evaporation
of the solvent in vacuo afforded the crude product, which was
purified by flash chromatography on silica [elution with hexane—
EtOAc (1 : 3)] to give methyl 1,2-dihydroquinoline-3-carboxylate
151, as an off-white powder (0.47 g, 50%), mp 175-177 °C
(Found M*: 189.07852. C,;H;,NO, requires M, 189.07898); dy
3.55 (3H, s, CH;), 4.56 (2H, s, CH,), 7.21 (1H, m, Ar-H), 7.45
(1H, m, Ar-H), 7.47 (1H, m, Ar-H), 7.55 (1H, d, Ar-H), 7.87
(1H, s, 4-H) and 12.27 (1H, br s, NH); é- 59.0 (CHs), 69.3 (C-2),
115.8, 120.0, 122.6, 127.6, 129.9, 130.0, 136.3 and 137.6 (C=CH
and Ar-C) and 163.2 (C=0); m/z 189 (M*, 18%) and 159 (100).

Compounds 3b,® 3d,” 3f,” 3h,"” 31, 3n,"* 30, 3p,"” 8b,*
8d,%? 8g,* 8h,3* 9a,% 9h,*¢ 121, 12n,% 131* and 13n* have also
been reported by other researchers; data for compound 9a were
also reported in our preliminary communication.” Analytical data
for other products are provided as Electronic Supplementary
Information (ESI)T.

Interconversion of quinolines and quinoline-/N-oxides

2,3-Dimethylquinoline 8a. To a stirred solution of the
quinoline-N-oxide 9a (0.27 g, 1.6 mmol) and DMF (8 mL) at room
temperature under nitrogen was added PBr; (0.69 mL, 2.4 mmol),
and the stirring was continued for 1 hour. The reaction mixture was
poured into a mixture of satd. aq. NaHCO; (40 mL) and ice (10 g)
and the resulting mixture extracted with EtOAc (3 x 20 mL). The
extracts were combined, washed with satd. aq. NaHCO; (10 mL)
and brine (10 mL), dried over anhydrous MgSO, and filtered. The
solvent was evaporated in vacuo to give the quinoline 8a in 79%
yield.

6-Hydroxy-2,3-dimethylquinoline 8c. The general procedure
described for the conversion of the quinoline-N-oxide 9a to 2,3-
dimethylquinoline 8a was followed, using 6-hydroxy-2,3-dimethyl-
quinoline-N-oxide 9¢ (0.22 g, 1.13 mmol), DMF (8 mL) and PBr;
(0.49 mL, 1.72 mmol) to give the quinoline 8¢ in 70% yield.

2,3-Dimethylquinoline-/NV-oxide 9a. To a stirred solution of 2,3-
dimethylquinoline 8a (0.1 g, 0.6 mmol) in CHCl; (0.6 mL) was
added MCPBA (0.11 g, 0.64 mmol) portionwise during 3 min at
room temperature. The mixture was stirred for 24 hours, following
which, excess MCPBA was destroyed (as indicated by wet starch-
iodide paper) by the addition of solid Na,S,0s. m-Chlorobenzoic
acid was precipitated from the solution as the potassium salt by the
addition, with stirring, of solid K,CO;. The solids were removed
by filtration, and the solvent was removed from the filtrate in vacuo
to give a yellow solid. 'H NMR analysis revealed the presence of
some unreacted starting material, and further MCPBA (0.1 g) was
added and the mixture stirred for another 24 hours. After work-
up, 2,3-dimethylquinoline-N-oxide 9a was obtained as a yellow
powder (0.09 g, 78%).

Selective in situ oxygenation and deoxygenation reactions

A mixture of 3-hydroxy-2-methylene-3-(2-nitrophenyl)butan-2-
one 3a (0.50 g, 2.3 mmol) and 10% Pd-C catalyst (40 mg) in
methanol (40 mL) was subjected to hydrogenation (following the
general method) for 3 h. The catalyst was filtered off and the
solvent evaporated from the filtrate in vacuo. The residue was
dissolved in CH,Cl,, dried (anhydrous MgSO,), and the solvent
evaporated in vacuo to afford, as a brown oil, a mixture of
2,3-dimethylquinoline 8a and 2,3-dimethylquinoline-N-oxide 9a
(041 g).

Formation of 2,3-dimethylquinoline-/NV-oxide 9a from the mixture
of 8a and 9a. To a stirred solution of the foregoing mixture
(0.135 g) of 2,3-dimethylquinoline 8a and 2,3-dimethylquinoline-
N-oxide 9a in CHCI; (0.5 mL) was added MCPBA (0.107 g),
portionwise, over 15 minutes at room temperature. The mixture
was stirred for 24 hours, before excess MCPBA was destroyed
by the addition of solid Na,S,0;. m-Chlorobenzoic acid was
precipitated from solution as the potassium salt by the addition of
solid K,CO;. The solids were removed by filtration and the filtrate
dried (MgSO,); the solvent was removed in vacuo to give, as yellow
crystals, 2,3-dimethylquinoline-N-oxide 9a (0.116 g, 85%)

Formation of 2,3-dimethylquinoline 8a from the mixture of 8a
and 9a. A mixture (0.125 g) of 2,3-dimethylquinoline 8a and
2,3-dimethylquinoline-N-oxide 9a in DMF (3 mL) was stirred
at room temperature. PBr; (0.2 mL, 0.7 mmol) was added and
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stirring continued for 1 hour. The mixture was poured into satd.
aq. NaHCO;, and the resulting mixture extracted with EtOAc
(3 x 20 mL). The extracts were combined, washed with satd.
aq. NaHCO; and brine, dried (anhyd. MgSO,) and filtered. The
solvent was removed from the filtrate in vacuo to give, as yellow
crystals, 2,3-dimethylquinoline 8a (0.107 g, 86%).
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Chemical model systems provide valuable insights into biomolecular structure and interactions by
allowing researchers to simplify, isolate, and manipulate aspects of the complex molecular machinery of
living systems. This perspective describes my laboratory’s design, synthesis, and study of chemical
model systems that fold and self-assemble like proteins and elucidates the insights that have come from
studying these systems. Many of these studies have focused on protein -sheets, which exhibit
fascinating intra- and intermolecular interactions and play important roles in protein folding,

aggregation, and molecular recognition.

Introduction

Molecular structure and molecular interaction have long been
my passion. The ability of complex carbon-containing molecules
to adopt beautiful three-dimensional shapes and to interact
specifically through non-covalent interactions is the underlying
basis of much of both biology and organic chemistry. I am hardly
alone in my fascination, which runs as a dominant theme in organic
chemistry that has captivated greats such as Kekulé, van’t Hoff,
and Le Bel in the nineteenth century, and Pauling, Watson and
Crick, Cram, and Lehn in the twentieth, to name only a few.
In this perspective, 1 aim to share what I have learned thus far
in my journey through organic, supramolecular, and bioorganic
chemistry that began twenty-seven years ago and continues to
thrill and delight me. I have chosen to emphasize themes that
have emerged across the various research studies in my laboratory,
as these have been most instructive to me and to my students.
This perspective provides a unique opportunity to describe these
themes, many of which may not be apparent from reading the
individual papers that my students and I have published. These
observations transcend the particular problems and topics that
my students and I have studied and are equally relevant to other
problems and topics in bioorganic and supramolecular chemistry.

The development of molecular scaffolds: the problems of solubility
and synthesis, the importance of intramolecular hydrogen bonding,
and a bit of personal history

When I began my independent faculty career at the University of
California, Irvine (UCI) in 1991, I decided to explore molecular
structure and interactions in the context of peptides and nucleic
acids because of the inherent importance of these biomolecules.
One of my initial projects focused on the development of unnatural
oligomers that fold into well-defined three-dimensional structures.
In this project, undergraduate students Noel Powell and Eduardo
Martinez and postdoctoral student Glenn Noronha combined
urea-based molecular templates with other structural elements
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to form organized, intramolecularly hydrogen-bonded structures.
Our first paper in this area, published in 1992, describes an
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intramolecularly hydrogen-bonded oligourea molecular scaffold
that presents a series of amino acids or other groups in an orderly
fashion.! Fig. 1 illustrates the structure. This paper provides one
of the first examples of a class of molecules that through the vision
and elegant research efforts of Sam Gellman have become known
as “foldamers™ >

CN
{ o
N~
N-R,
)
o]
N~
N-R;
> g n-2
N
Ph ”—Fﬂ

Fig. 1 An oligourea molecular scaffold.!

The idea behind this project came from unsolved problems
that arose during my studies as an NSF postdoctoral fellow
in the laboratories of Professor Julius Rebek, who was then at
MIT. I had set out to make a U-shaped building block that
pointed two carboxylic acid groups in the same direction. I
initially examined and rejected anthracene-1,8-dicarboxylic acid
(1), because the compound and its derivatives exhibited terrible
solubility in organic solvents and could not be monofunctionalized
selectively.* A solution to this problem emerged from a discussion
with David Buckler, a graduate student in the laboratories of
Professor Daniel Kemp, who was developing xanthene-based
templates for thiol-capture based approaches to the segment-
coupling of peptides.®* On the basis of his ease of synthesizing
and handling various xanthene derivatives, I decided to pursue
derivatives of 9,9-dimethylxanthene-4,5-dicarboxylic acid as a
substitute for anthracene-1,8-dicarboxylic acid and to introduce
tert-alkyl groups at the 2- and 7-positions to augment solubility
in organic solvents.® Not only did the resulting 2,7-di-tert-amyl-
and 2,7-di-tert-butyl-9,9-dimethylxanthene-4,5-dicarboxylic acids
(2 and 3) exhibit good solubility in organic solvents, but they also
proved remarkably easy to selectively monofunctionalize, through
either esterification of the diacid to form a monoester or treatment
of a diester with anhydrous hydrogen bromide or iodide to form
the corresponding monoester.

OH OH OH
9 > X

OH OH OH
2 3

1

These reactions are selective, because the two carboxyl groups
communicate through intramolecular hydrogen bonding. The
dicarboxylic acid adopts a conformation in which one of the
carboxyl groups assumes an intramolecularly hydrogen-bonded
s-cis conformation. Selective monoesterification occurs because
the OH of the second acid group is stabilized by intramolecular

hydrogen bonding; selective cleavage of the diester occurs because
a single proton can coordinate to the two carboxyl groups of the
diester. Fig. 2 illustrates the intramolecular hydrogen bonding in
this system.

Fig. 2 Intramolecular hydrogen bonding in the 9,9-dimethylxanthene-4,
S-dicarboxylic acid system.

The effect of the interaction of the two carboxyl groups on
the conformation and reactivity of the xanthenedicarboxylic acid
system captivated my imagination. Mono- and diamide derivatives
were also organized through intramolecular hydrogen bonding.
I envisioned the diacid as a sort of scaffold that could hold
two substituents in well-defined orientations, like the bases in
DNA. Structure 4 illustrates this notion. I also envisioned larger
homologues, such as triacid 5 and (perhaps somewhat fancifully)
tetra-acid 6, that might serve as building blocks for the creation of
larger structures, such as triamides 7 and tetra-amides 8, that also
could orient groups in sequence.

Fancy quickly gave way to reality, as even triacid 5 proved
too challenging to synthesize with reasonable effort. A better
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approach was clearly needed. Upon beginning my studies at UCI, I
envisioned retaining the organization provided by intramolecular
hydrogen bonding, while replacing the polycyclic ring system with
a linear chain. For structure and ease of synthesis, the carboxylic
acid groups were replaced by urea groups. For stability, the oxygen
atoms in the linear chain were replaced by methylene groups. A
phenyl group was incorporated at the “bottom™ of the molecular
scaffold to control the rotational orientation of the urea groups.
This feature, the alignment of the carbonyl groups to point just
“upward,” instead of either “upward” or “downward”, could not
be achieved in the original xanthene system, and was inspired by
a paper by Shudo and coworkers describing the effect of N-alkyl
groups on the conformation of benzanilides.” Fig. 3 illustrates my
thought processes in designing triurea derivatives as surrogates for
triamides 7.

Fig.3 Conceptual evolution of oligourea molecular scaffolds.

The last structural element of the molecular scaffold, a cya-
noethyl group, was incorporated as part of an iterative synthesis
that was developed to allow these unnatural oligomers to be
constructed by a repeated series of steps, much akin to the iterative
synthesis of peptides. The iterative synthesis involves three steps
and is outlined in Scheme 1. The first step is addition of an
amine to acrylonitrile; the second is reaction of the resulting
aminonitrile with an isocyanate to form a urea; and the third
is reduction of the nitrile group to a primary amine. Repetition
allows the construction of di- and triureas. The cyano group was
initially envisioned only as a synthetic element, but subsequent
studies established that it further stabilizes the intramolecularly
hydrogen-bonded conformation of the molecular scaffold.® In

CN CN
» ~an
RNH, acrylonitrile isocyanate 2 0
NH N~
R R N-R;
H

NH,

reduction >
0]

repeat N
three steps N-Ra
H
0]

=
=,
>,
IN ': IN
R N-R R N-R
H H

Scheme 1 Iterative synthesis of oligourea molecular scaffolds.

further studies, we developed lower-homologues of the molecular
scaffold, based on 1,2-diaminoethane bridges between the urea
groups instead of 1,3-diaminopropane bridges, and alternative
solution-phase and solid-phase routes to these compounds.**

The studies described in this section taught me the value of
using intramolecular hydrogen bonding to achieve structure and
control of conformation and reactivity “on the cheap”. They
also taught me the value of designing molecules with simple and
efficient syntheses and the importance of developing stratagems to
overcome problems of poor solubility and aggregation in designed
molecules.

The problem of hydrogen bonding in aqueous solution, the theme of
dimers, and a bit more personal history

A second of my initial projects focused upon the molecular
recognition of nucleic acids in aqueous solution. Although a
variety of papers from leading laboratories in the 1980s had
focused upon the recognition of nucleic acid bases in non-
competitive organic solvents, the recognition of individual nucleic
acid bases and related compounds in aqueous solution proved
elusive, because water competes with hydrogen-bonding groups
of typical synthetic receptors. To address this limitation, under-
graduate student Jenny Chen and postdoctoral student Glenn
Noronha developed a strategy to achieve molecular recognition
of nucleic acid derivatives in water by incorporating the hydrogen-
bonding groups of the receptor inside micelles. The resulting self-
assembling supramolecular receptors bind complementary nucleic
acid bases and nucleotides in water by means of hydrogen-bonding
and hydrophobic interactions (Fig. 4).'"1

O nnnnnn hydrogen w\"””""O
bonding (D)
receptor

W group v\q,\,\’“"o

N

micellar supramolecular receptor

N\

O
hydrogen -'"""O

(Ownane | hydrogen
3 bonding
bonding receptor O
Ow | ligand group

7NN

micellar supramolecular complex

Fig. 4 Cartoon diagram of micellar supramolecular receptors. The
hydrogen-bonding groups are based on adenine and thymine."!
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An unexpected and tangential result from these studies, in
the form of an X-ray crystallographic structure, portended what
has become a dominant theme in my research laboratory. In
studying the nucleobase ligand N¢-acetyl-9-propyladenine, Glenn
Noronha discovered that the molecule forms a hydrogen-bonded
dimer with four hydrogen bonds, in which the acetamide group
adopts an unusual cis conformation (Fig. 5 and 6)."* This
conformation endows the molecule with a self-complementary
hydrogen-bonding surface and permits dimer formation. As cis
amides are generally less stable than trans amides, it is likely that
hydrogen-bonded dimer formation in the solid state stabilizes the
cis geometry.

Pr
N /Nj
I
A=< I
Me 0] [e) ;
N__M
OA\N’H Me)J\N'H Me)J\N'H Hr ¢
e o}
NN N)jN\ NJ\IN\
l)NI’\? lN/ N> tN/ N>_H
Pr Pr Pr
NP-acetyl-9- NB-acetyl-9- NB-acetyl-9-

propyladenine
trans conformer

propyladenine
cis conformer

propyladenine
hydrogen-bonded dimer

Fig. 5 Conformations and dimerization of N°-acetyl-9-propyladenine.

Fig.6 X-Ray crystallographic structure of the N®-acetyl-9-propyladenine
dimer.""*

The symmetrical beauty of self-complementary hydrogen-
bonded dimers reemerged when undergraduate student Valerie
Antonovich and postdoctoral student Glenn Noronha prepared
a series of control compounds associated with the molecular
scaffolds described in the preceding section.’ In studying ureas
9a and b, they noticed an unusual propensity to form hydrogen-
bonded dimers in solution and in the solid state. Fig. 7 shows the
X-ray crystallographic structure of the dimer of 9b.

CN
CN 2 O
{ .

0 N-R
N~ ) !
Cowmoon

Noo¢
CN H
H
9aR = Me R-N g
% R =Ph N
it
CN
hydrogen-bonded
dimer of 9

Fig. 7 X-Ray crystallographic structure of the hydrogen-bonded dimer
of 9b.

When my students and I published the structures of these dimers
in 1993 and 1995, I did not fully appreciate their relevance to
the mimicry of biomolecular structure and interactions. After a
talk I presented at UCLA in 1997, Professor J. Fraser Stoddart
commented that I should use self-assembly in my designs. This
comment, in conjunction with my prior experience with dimer
formation, primed me to better appreciate dimerization and
use it in subsequent molecular design. When, the next year,
graduate student Jim Tsai discovered yet another structure that
formed a dimer, I realized that dimerization provided another
way of creating molecular structure “on the cheap”, as well as an
important way in which nature creates higher-order structure in
biomacromolecules.

On solubility, aggregation, and unsatisfied hydrogen-bond donors

A third initial project met a painful demise, but in its failure taught
a valuable lesson to my students and me. We had hoped to create
molecular receptors that served as catalysts for the asymmetric
conjugate addition of nucleophiles to Michael acceptors based on
acrylic acid and acrylamide. Our basic idea was to develop a mole-
cular cleft with hydrogen-bonding functionality complementary
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to that of a carboxylic acid or amide group and chiral general-
acid and general-base functionality capable of deprotonating a
nucleophile and protonating the enolate anion that would result
from conjugate addition. Fig. 8§ illustrates the structure of one
of the receptors we had designed and illustrates how it might
bind to an o,B-substituted acrylic acid. Although we ultimately
hoped to prepare chiral versions of the receptor bearing acidic
and basic groups “R” based on histidine, we initially embarked on
achiral versions bearing simple alkyl groups “R” to test whether
the receptors could be prepared and whether they would bind
carboxylic acids.

receptor-acrylic acid complex

Fig. 8 Design of a receptor for acrylic acids.

Postdoctoral student Byungwoo Yoo prepared the methyl-
substituted complex (R = CH;), but found it to be insoluble
in the sort of non-competitive organic solvents that would be
necessary for hydrogen-bonding complexation of the acrylic acid
(e.g., CDCI;). He tried without success to increase the solubility by
preparing the propyl (R = C;H;) and octyl (R = CgH;) versions
of the receptor. By the time he embarked on the octadecyl (R =
CsHs,) version, it was clear that the design for this receptor was
hopeless and that we would never be able to use this system to
make asymmetric catalysts for conjugate addition.

These painful studies helped teach us that molecules with
unsatisfied hydrogen-bonding valences, and particularly hydrogen-
bond-donor groups, often self-associate strongly and exhibit poor
solubility in organic solvents. In subsequent efforts, we avoided
N,N’-disubstituted ureas, which appear to be particularly prone
to self-association through interactions of the urea groups.

Among the toughest decisions that I have had to make is when to
abandon a project. Often the original concept behind the project
is good, but its reduction to practice just does not work with a
given molecular system. The subsequent rise of the important and
popular area of organocatalysis has taught me that the overarching
goal of this project was good, even though our molecular design
was not.™

Controlling intermolecular hydrogen bonding through designed
intramolecular hydrogen bonding

My students and I envisioned using our molecular scaffolds to
mimic the structures of biopolymers, such as DNA and proteins. In

one project, graduate student Eric Smith and postdoctoral student
Glenn Noronha used the urea-based scaffold as a template for the
creation of B-sheets. Our initial efforts resulted in artificial f-sheet
10, which folded in chloroform solution to mimic the structure and
hydrogen-bonding pattern of a parallel B-sheet.’* '"H NMR chemi-
cal shift studies suggested the population of B-sheet conformation
to be about 50%. The successful folding of this structure prompted
us to pursue bigger and more complex structures. Toward this end,
Eric synthesized but did not extensively study larger artificial B-
sheet 11." Concerns about the potential for aggregation, poor
solubility, and incomplete folding of such structures prompted us
to try to develop additional tactics to improve the conformational
homogeneity of our artificial B-sheets.

2 O Rva o 2 O Rya O Ran
H H H
NJ\N/'}]/N\;)J\N’Me NJLN/H(N\;)LN Ny
/- H o ALH /[ H o Rt o
(or § Py 9 (e 2 P § B
N N/'ﬁrN\L)LN’Me NN NSy Me
Ph H o Rleu H Ph H o Rie H o

artificial f-sheet 10 artificial p-sheet 11

(Cys* = S-methylcysteine)

To create larger, better-folded structures, graduate students Eric
Smith, Amy Sue Waldman, Jim Tsai, and Mason Pairish, and
postdoctoral students In Quen Lee and Darren Holmes began
to develop additional molecular templates to satisfy hydrogen-
bonding valences, and particularly hydrogen-bond-donor groups,
through intramolecular hydrogen bonding. Through synthetic, IR
and NMR spectroscopic, and X-ray crystallographic studies, they
developed a series of molecular templates based on 5-amino-2-
methoxybenzoic acid, and related hydrazine derivatives, to mimic
and complement the hydrogen-bonding functionality of peptide
strands and block unfilled hydrogen-bonding valences. The 2-
methoxy group played the dual roles of blocking a hydrogen-bond-
donor group and providing organization through intramolecular
hydrogen bonding within these f[-strand mimics. By combining
the molecular scaffold with these B-strand mimics, they created a
variety of artificial -sheets (e.g., 12—-15) that fold into well-defined
structures in chloroform and other non-competitive organic
solvents.’ My students and T were particularly pleased to find
that these molecules did not aggregate significantly and had good
solubility.

The relative ease with which these and similar artificial f-sheets
could be prepared and the reliability with which they folded
suggested that we needed to move on to bigger challenges by
testing the limits of the strategy of combining oligourea molecular
scaffolds and B-strand mimics to make molecules that mimic
the structure and hydrogen-bonding patterns of protein B-sheets.
Three-stranded artificial B-sheets 16a and b, and four-stranded
artificial B-sheet 17 proved worthy targets for these studies. These
structures combine features of doubly-templated artificial B-sheets
12-15 with features of singly-templated artificial f-sheets 10 and
11. Singly-templated structures 10 and 11 contain parallel B-sheets,
while doubly-templated structures 12-15 mimic the structure and
hydrogen-bonding pattern of an antiparallel -sheet. The three-
and four-stranded structures are mixed f-sheets, containing both
parallel and antiparallel elements.
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While structures 16a and b readily succumbed to chemical
synthesis and folded into well-defined B-sheet structures in
chloroform solution, structure 17 proved more challenging.’®"’

The final steps of the lengthy solid-phase synthesis of 17 involved
construction of the B-strand mimic by formation of an acyl
hydrazide linkage on the solid support, followed by aminolytic
cleavage from the resin. Difficulties in carrying out these final steps
on advanced resin-bound intermediate 18 led to failure during our
first and only attempt to synthesize this four-stranded artificial
B-sheet.
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On discovery, dimerization, and the importance of self-assembly

Sometimes frustration and serendipity combine in interesting ways
to yield new opportunities. We never went back and repeated our
attempts to synthesize artificial B-sheet 17, although I suspect we
could have been successful with just a bit more effort. Instead, a
discovery by graduate student Jim Tsai provided a new and more
powerful strategy for generating larger and more complex B-sheet
structures.

Jim had set out to ask a relatively simple question: whether
the B-strand mimic could be incorporated at the “bottom” of
the artificial B-sheet, rather than at the “top.”® To provide
suitable connectivity, he incorporated an oxalamide linker unit
to connect the S5-amino-2-methoxybenzoic hydrazide unit to
the 1,2-diaminoethane-based molecular scaffold. These design
features gave rise to artificial B-sheet 19. Through 'H NMR
studies, he found that 19 not only folds to adopt a B-sheet
structure, but that this structure dimerizes in chloroform solution
to form a well-defined hydrogen-bonded dimer, artificial -sheet
dimer 20.

The discovery that artificial B-sheet 19 forms well-defined
hydrogen-bonded dimers was a revelation that provided my
students and me with a new paradigm for easily and efficiently
creating large and complex fB-sheet structures. When I had em-
barked upon working with B-sheets, reviewers of grant proposals
had cautioned that B-sheets are notorious in their propensity
to aggregate. This aggregation occurs, in part, because peptide
strands present two hydrogen-bonding edges and can form infinite
two-dimensional hydrogen-bonded networks. By blocking one
of the hydrogen-bonding edges of the peptide strand with the
B-strand mimic, while leaving the other edge exposed, we had
developed a structure that was primed to dimerize but not
aggregate.
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The formation of such well-defined dimers was essentially
unprecedented in peptides and arises because one hydrogen-
bonding edge is preorganized while the other edge is blocked.
We have subsequently incorporated this feature into many of
our structures. (Similar dimerization behavior does not occur in
doubly-templated artificial B-sheets 12-15, because the phenyl
group on the “bottom” edge partially blocks the hydrogen-
bonding surface.) We have generally found that we can build 8-
sheets with one or two unsatisfied hydrogen-bond-donor groups
that are well-behaved and do not undergo uncontrolled aggrega-
tion in chloroform and other non-competitive organic solvents.
When aggregation and poor solubility problems arise, we can
generally mitigate them by blocking exposed unsatisfied hydrogen-
bond-donor groups. For this reason, 2-alkoxybenzoic acid groups
have figured heavily in many of our subsequent molecular designs.

Our discovery also helped make me aware of the importance
of dimerization and self-assembly in proteins.’ Nature uses
controlled interactions between the edges of B-sheets extensively
to create functional quaternary structures in proteins, such as
HIV-1 protease. Our dimer reminded me of the defensin HNP-
3 dimer, which was characterized by my colleagues at UCI and
UCLA.* The monomer of this protein, like artificial B-sheet
19, presents a hydrogen-bonding edge consisting of two pairs of
hydrogen-bond-donor and acceptor groups that come together to
form the functional form of the protein. The other edge of the
defensin HNP-3 B-sheet is blocked and is unable to participate in
intermolecular hydrogen bonding (Fig. 9).

Interactions between B-sheets are also important in protein
aggregation, which occurs widely in neurodegenerative diseases
such as Alzheimer’s disease, Huntington’s disease, and the prion
diseases.” Although the structures of protein aggregates, such
as the B-amyloid associated with Alzheimer’s disease, are not
generally known precisely, at atomic resolution, they appear to
involve uncontrolled interactions between peptide strands that
present two hydrogen-bonding edges and can form infinite two-
dimensional hydrogen-bonded networks.”> In subsequent efforts

Fig.9 The defensin HNP-3 dimer.?**

to understand molecular recognition between protein B-sheets,
we have surveyed the scope of P-sheet interactions between
proteins and have developed a database of these interactions in
collaboration with Professor Pierre Baldi and his students in UCI’s
School of Information and Computer Science.** By developing
molecules that mimic these interactions, my students and I aim to
not only understand these interactions but ultimately to control
them, with the promise of developing new therapies to diseases
that involve interactions between [-sheets.

On NOEs, testable hypotheses, and spectroscopic probes

Once we began preparing and studying a variety of artificial
B-sheets, it became increasingly clear that each of our designs
centered around the testable hypothesis: “If the molecule folds
into a B-sheet structure or dimerizes through B-sheet formation,
then groups that would otherwise be remote will be brought
into proximity.” Such proximity is readily elucidated through 'H
NMR NOE studies, with two-dimensional ROESY-type NOE
experiments being particularly well suited to the intermediate-
sized molecules that we were studying. (ca. 500-1500 molecular
weight). Parallel and antiparallel B-sheets exhibit a series of short
proton—proton distances involving the NH-, a-, and B-protons
of adjacent peptide strands. Fig. 10 shows characteristic values
of these distances (in angstroms), with Newman projections of
methyl groups (alanine) representing typical side chains; Fig. 11
provides attractive molecular models of these B-sheets.” We have
found that NOEs associated with distances of 3-3.5 angstroms or
less can generally be observed in our systems if the resonances
associated with these protons are well resolved. Because NOEs
vary as distance to the inverse sixth power, a longer distance gives
a much weaker NOE, which is more difficult to detect. An NOE
froma 3.2 A interproton distance, for example, is expected to be
about fourteen percent of the strength of an NOE from a 2.3 A
interproton distance.

In contrast to proteins, the side-chains of peptides and peptide-
based model systems generally rotate freely and populate multiple
rotamers. For this reason, and because our artificial B-sheets lack
many of the tertiary contacts typical of proteins (e.g., three-
dimensional packing of an o-helix against a B-sheet or face-
to-face packing of B-sheets), we have not heavily pursued the
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Fig. 10 Typical short interstrand proton—proton distances in parallel and
antiparallel -sheets, in angstroms, which give rise to characteristic NOEs.
Distances shown are based on idealized B-sheet structures.”
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Fig. 11 Models of parallel and antiparallel -sheets.

elucidation of three-dimensional model structures thorough NMR
spectroscopy. Instead, we tend to view two- and three-dimensional
molecular models as hypotheses to be tested, both through NOE
studies and through other indices of structure, such as chemical
shifts and coupling constants of NH and a-protons. While three-
dimensional models could be made from these data, they would

lack the resolution and detail of protein NMR structures and
would provide little meaningful information about the shape,
curvature, and side-chain orientations of the artificial f-sheets.
We had been particularly fortunate thus far in obtaining
NOE data to establish folding, in part because the proton at
the 6-position of the aromatic ring of each of our 5-amino-2-
methoxybenzoic acid B-strand mimics appears downfield in the
"H NMR spectrum and is well removed from the amino acid o-
protons, which appear midfield. As a result, the p-strand mimic
serves not only as a template but also as a spectroscopic probe that
provides evidence for folding. The f-strand mimic provides the
additional advantage of telling whether the NOE experiment is
working properly, as the methoxy group of the B-strand mimic is
very close to the 3-position of the aromatic ring and gives a very
strong NOE that cannot be missed if the experiment is working
properly. Fig. 12 illustrates the NOEs that are typically observed.
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Fig. 12 Typical key NOEs associated with the 5-amino-2-methoxy-
benzoic acid -strand mimic. An NOE between the proton at the 6-position
of the B-strand mimic and the a-proton of the adjacent peptide is always
seen, while an NOE between the proton at the 6-position of the B-strand
mimic and the NH-proton of the adjacent peptide is often seen. A strong
NOE between the methoxy group and the 3-position of the B-strand mimic
indicates that the NOE experiment is working properly.

The observation of a strong NOE between the leucine and
phenylalanine a-protons of artificial B-sheet dimer 20 taught
my students and me the importance of deliberately building
testable hypotheses into our designs by incorporating additional
spectroscopic probes. Our choices of amino acids in this and prior
artificial B-sheets had been largely arbitrary among the typical
non-polar amino acids. Our observation of the NOE between
the o-protons of phenylalanine and leucine drove home the point
that amino acids can be deliberately picked to allow testing of
the hypothesis stated above. For NOEs to be observed between
protons requires that the protons not have the same chemical shift,
with separations of 0.2 ppm or more being ideal. Also required to
uniquely identify NOEs between two protons is that the resonances
for these protons not be precisely coincident with resonances of
other protons; separation of the centers of the resonances by a
couple of hundredths of a ppm is sufficient for two-dimensional
NOE studies.

Typical chemical shifts of the various protons of amino acids
in unstructured peptides are known and provide useful starting
points for picking amino acids with resonances that do not overlap
and are at suitable positions.” Table 1 lists the positions of the
a-protons of the of the twenty proteinogenic amino acids in
unstructured peptides (GGXA).* In B-sheet structures, the o-
protons generally shift downfield by several tenths of a ppm.”
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Table 1 Chemical shifts of a-protons of amino acids in unstructured peptides®

Amino acid Chemical shift Amino acid Chemical shift Amino acid Chemical shift Amino acid Chemical shift
Ala (A) 4.35 Gly (G) 3.97 Met (M) 4.52 Ser (S) 4.50
Cys (O) 4.69 His (H) 4.63 Asn (N) 4.75 Thr (T) 4.35
Asp (D) 4.76 Tle (I) 423 Pro (P) 4.44 Val (V) 4.18
Glu (E) 4.29 Lys (K) 4.36 GIln (Q) 4.37 Trp (W) 4.70
Phe (F) 4.66 Leu (L) 4.38 Arg (R) 4.38 Tyr (Y) 4.60

That the o-proton resonance of phenylalanine typically occurs
significantly downfield of the o-proton resonance of leucine
(4.66 ppm vs. 4.38 ppm in the unstructured peptide) allowed us
to readily observe the NOE associated with the short (ca. 2.3 A)
distance between these protons in artificial B-sheet dimer 20.

Jim Tsai performed an elegant experiment that further enhanced
my awareness of the importance of well-chosen chemical shifts
and the power and precision of NOE data to elucidate B-sheet
structure and interaction.”® To prove that artificial B-sheet 19
was forming a dimer, and that the NOE observed between the
phenylalanine and leucine a-protons was intermolecular, rather
than intramolecular, Jim prepared “triple mutant” artificial -
sheet 21, with p-nitrophenylalanine (Phe*) in place of pheny-
lalanine, valine in place of isoleucine, and methionine in place
of leucine. He chose methionine because he anticipated its o-
proton resonance (4.52 ppm in the unstructured peptide) would
fall between that of phenylalanine and leucine and would allow
the observation of NOE signals associated with the heterodimer.
A ROESY experiment on a mixture of artificial f-sheets 19 and
21 revealed NOEs between the phenyalanine and methionine
a-protons and between the p-nitrophenylalanine and leucine o-
protons, thus proving the formation of B-sheet dimers (Fig. 13
and 14).
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This ROESY experiment, in conjunction with "H NMR titra-
tion studies, yielded an unanticipated result that set the stage for
further research. Jim found that artificial B-sheet 19 self-associates
much more strongly than “triple-mutant” artificial B-sheet 21
(600 M~ vs. 90 M~ self-association constant in CDCl;). From the
relative sizes of the crosspeaks of the ROESY spectrum (Fig. 13),
it appeared that the heterodimer forms with a self-association
constant of intermediate magnitude.

These findings tickled my curiosity and posed a question that my
students and I were not well equipped to answer until three years
later: “Why do different B-sheets interact with different affinities
and what is the effect of different amino acid side chains upon the
strength of these interactions?” Although Jim Tsai prepared three
additional “single mutant” artificial B-sheets and measured their
self-association constants, the months of effort required for these

Leu
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Phe*
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pom 51 50 49 48 47 486
Fig. 13 'H NMR ROESY spectrum (o-proton region) of a solution

of artificial B-sheets 19 and 21 in CDCl; at 303 K (15 and 10 mM,
respectively). The Phe-Leu crosspeaks arise from the 19 homodimer (20),
the Phe*-Met crosspeaks arise from the 21 homodimer, and the Phe*-Leu
and Phe-Met crosspeaks arise from the 19-21 heterodimer.'®

Fig. 14 Key NOE:s associated with the 19-21 heterodimer.

studies seemed too great to justify a full-fledged attempt to answer
this question.?® Further frustrating our efforts to understand these
interactions was that we could only quantify the formation of
the homodimers with accuracy, and not the heterodimers, and
that each measurement of a self-association constant required
four hours of tedious NMR titration studies, which had to be
repeated in triplicate to ensure accuracy.

This journal is © The Royal Society of Chemistry 2006

Org. Biomol. Chem., 2006, 4, 3869-3885 | 3877





The value and limitations of chemical synthesis and the benefits of
modular building blocks

Jim’s syntheses of artificial B-sheet 19, “triple-mutant” 21, and the
“single mutants” demonstrated to me both the importance and
the limitations of chemical synthesis in our approach to under-
standing biomolecular structure and interactions (Scheme 2).'
The synthesis of each of these artificial B-sheets required two
technically demanding steps. The first involved the synthesis of
a peptide isocyanate, a hitherto unreported class of compounds
that postdoctoral students Darren Holmes and Glenn Noronha
and graduate student Eric Smith had specifically invented to allow
the synthesis of our artificial B-sheets.?” The second involved the
reaction of an amino group with oxalyl chloride to form an
oxamoyl chloride adduct and its trapping with an amine to form
an oxamide linkage.
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Scheme 2 The synthesis of artificial B-sheets 19 and 21.

At our research group meeting one evening, postdoctoral
student Santanu Maitra amazed me with a molecule that offered
a new strategy to overcoming many of the limitations that we were
encountering in chemical synthesis.*® Santanu had recognized that
the B-strand mimic of Jim’s artificial B-sheet was, itself, an amino
acid and developed protected versions of this amino acid, which
could be used as building blocks in standard peptide synthesis
techniques. We subsequently came to call this amino acid “Hao” to
reflect the three components that make it up: hydrazine, 5-amino-
2-methoxybenzoic acid, and oxalic acid. Santanu developed a Boc-
protected version of Hao, Boc-Hao-OH, that is compatible with
either solution-phase or solid-phase peptide synthesis. Using a
tert-butylated version of the Fmoc protecting group (Fmoc*) that
graduate student Matt Koutrolis and postdoctoral student Kim
Stigers had developed to overcome the poor solubility of many
Fmoc-protected compounds, Santanu created a protected version

of this amino acid that is ideal for solid-phase peptide synthesis:
Fmoc*-Hao-OH.*!
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Santanu’s invention of Hao also built upon and complemented
efforts by graduate student Ye Sun, who had developed peptides
containing this B-strand mimic using a cumbersome synthetic
route that involved assembling the B-strand mimic as part of
the peptide synthesis.*® Studies of a peptide that contained the
Hao amino acid that had been constructed by this route (22,
“Ye’s peptide”) had already established that Hao mimics a -
strand conformation and induces f-sheet dimerization when
incorporated into peptides. Santanu’s introduction of the Boc-
and Fmoc*-protected Hao amino acid now made Ye’s peptide
and related peptides readily accessible for studies.
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The idea of functional modular building blocks that can
reliably be coupled to form larger and more complex structures
with predictable properties is so powerful that it has now thor-
oughly permeated all of our structures and molecular designs.
Postdoctoral student Tania Khasanova went on to develop a
family of four Hao analogues in which the methoxy group is
replaced with other alkoxy groups to impart enhanced solubility
and folding properties.*> Because the modified alkoxy groups
resemble the side chains of lysine, aspartic acid, phenylalanine,
and leucine, we call these derivatives Hao®, HaoP, Hao", and
Hao". Tania prepared these modified Hao amino acids in pro-
tected forms suitable for use in solid-phase peptide synthesis,
and they have proven useful in preparing B-sheet peptides with
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modified properties. For example, Hao*-containing peptides have
enhanced water solubility and diminished aggregation in aqueous
solution.
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Postdoctoral students Bill Kemnitzer and Santanu Maitra
further reinforced the value of functional modular building blocks
by combining the amino acid ornithine with the amino acid Hao
to create a composite building block Orn(i-PrCO-Hao) that can
be incorporated into peptides, through coupling of the Fmoc-
protected building block 23, to induce folding and dimerization in
organic solvents.*® Peptide 24 (o-anisoyl-Val-Orn(i-PrCO-Hao)-
Phe-Ile-Leu—NHMe) and the corresponding dimer illustrate the
role of this building block and the structure of the peptides and
dimers that form. Building block Orn(i-PrCO-Hao) permits the
construction of dimeric structures even more complicated than
that of artificial B-sheet 19 in a day or two, rather than in weeks.
The simplicity of this building block has even permitted us to
prepare as many as eight different structures at a time using
simple parallel synthesis techniques and equipment. A valuable
and unanticipated reward of the Orn(i-PrCO-Hao) building block
was the discovery that the &-linked ornithine amino acid subunit
provides additional spectroscopic probes through the formation
of a well-defined turn structure with distinct NMR properties
(NOEs, magnetic anisotropy, and J-coupling) that indicate its
folding.

The é-linked ornithine turn unit was inspired by our earlier work
with urea-based molecular scaffolds, as well as by a discussion
with Professor Kit Lam of the UC Davis Cancer Center. Kit
Lam was intrigued by the Hao amino acid building block but
lamented that it could not be decoded in one-peptide-one-bead
combinatorial libraries by Edman sequencing. He suggested that
we append the Hao amino acid to the side chain of lysine. Our
experiences with urea-based molecular scaffolds indicated that
lysine was not likely to fold well into a turn structure, but that
ornithine, which has one carbon atom fewer in the side chain, was
likely to work. Subsequent studies by postdoctoral student Justin
Brower have established that this building block is comparable to
the best peptide B-turns at creating a well-defined peptide B-hairpin
structure (Fig. 15).** The &-linked ornithine turn unit has become
another mainstay in our toolbox of modular amino acid building
blocks, both because of its structural integrity and because the o-
amino group provides water solubility and an extra linkage point
that a conventional peptide B-turn does not have.
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Fig. 15 Turn and hairpin structures.

The ease and reliability with which the Hao-family of amino
acid building blocks can be assembled to create complex func-
tional structures has inspired my students and me to pursue
additional projects involving complex functional amino acids.
One set of projects seeks to develop nanometre-scale amino
acids for biomolecular nanotechnology. Graduate students Sang
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Woo Kang and Chris Gothard have now developed macrocyclic
receptors and rods based on the nanometre-scale amino acid
building blocks “Adc” (aminodiphenylmethanecarboxylic acid)
and “Abc” (aminobiphenylcarboxylic acid) and their water-
soluble analogues Adc¥ and Abc?®.3%3¢ Using a suitably protected
version of Adc® and standard solid-phase peptide synthesis
techniques, Sang has synthesized macrocyclic receptor 25, which
binds large hydrophobic molecules, such as sodium cholate, in
aqueous solution. Chris has synthesized nanometre-scale rods
26, in 3-10 nm lengths, also using standard solid-phase peptide
synthesis techniques and a suitably protected version of Abc*
The ease of these syntheses has further reinforced my appreciation
of the power of using designed modular building blocks to create
complex structures inspired by biomolecules.
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Of "H NMR spectroscopy and fast and slow exchange

An underappreciated factor that often distinguishes biomacro-
molecules from small molecules is that interactions between
biomacromolecules often occur slowly, while interactions among
small molecules generally occur rapidly. The stability of many

protein and nucleic acid oligomers and complexes permits
their manipulation and study as stable entities in a variety of
electrophoretic, chromatographic, and spectroscopic techniques.
As my students and I began working with larger and more
complex molecules, we have observed that the stability of their
complexes has increased. This increase in stability has provided
new opportunities (and in some cases new challenges).

I began to appreciate this difference when graduate student
Michael Chung began to tackle the question raised by Jim Tsai’s
observation of differences in stability among the homo- and
heterodimers of his artificial B-sheets.?”** Michael envisioned using
peptides containing Orn(i-PrCO-Hao), of the general structure
introduced by Bill Kemnitzer and Santanu Maitra, to study the
effects of different amino acid side chains upon interactions
between B-sheets. Michael prepared peptides such as 27 (“Thr—
Thr”) and 28 (“Val-Val”), which present different amino acids
along the exposed B-sheet edge. Unlike Jim’s artificial B-sheets,
these peptides form dimers that exchange slowly on the NMR time
scale. The Thr-Thr-Thr-Thr and Val-Val-Val-Val homodimers
29 and 30, for example, generate an equilibrium concentration
of Thr-Thr-Val-Val heterodimer 31 when mixed. The slower
exchange of these dimers reflects the larger number of hydrogen
bonds among the peptide amide groups (six in 29, 30, and 31, vs.
four in 20).

27 "Thr-Thr" Me

Phe H Val

SORMSR R

Hzc )H( \CEL \([)ri-Pr

28 "Val-Val" M

The slow exchange permits the separate observation of the
homo- and heterodimers by 'H NMR spectroscopy and allows
them to be quantified and their relative stabilities to be determined
(Fig. 16). Through studies of this sort, Michael established the
relative thermodynamic stabilities of many amino acid pairings.
For example, studies of the “Thr-Thr” and “Val-Val” peptides (27
and 28), in conjunction with studies of “Thr-Val” and “Val-Thr”
peptides (not shown), established that an intermolecular Thr—Thr
pair and an intermolecular Val-Val pair collectively are 0.6 kcal
mol™' more stable than two intermolecular Thr—Val pairs in 10%
CD,SOCD; in CDCI; solution.’™ These studies have established
that interactions between polar amino acids can impart sequence
selectivity into the pairing of B-sheets. In other studies, Michael
established the effects of chirality, aromatic interactions, and steric
effects on the pairing of B-sheets. 376383
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The benefit of being able to observe multiple species in slow
chemical exchange by NMR spectroscopy comes with the chal-
lenge that there are more species to observe and characterize and
the problem that overlapping resonances and chemical exchange
between species considerably complicates the analyses of NMR
spectra. The ever-present potential for overlapping resonances can
lead to uncertainties about which crosspeaks in two-dimensional
NMR spectra are associated with which species. This problem can
be particularly vexing when the relative concentrations of the two
species are very different (e.g., 2 5:1,10: 1, or 30 : 1 ratio) and
identification of all of the resonances associated with the minor
species is not possible. Chemical exchange that is slow on the
millisecond timescale associated with the uncertainty principle but
rapid on the hundred-millisecond to second timescale associated
with proton relaxation also poses a special challenge, because

—— Jawipoialey
Jswiposeley
Jswipoueley

Jewipoiaiey
Jewiposaley
Jawipoueley

Val-Val homodimer

hydrazide
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Val-Val homodimer
anilide
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Thr-Thr homodimer Thr-Thr homodimer
hydrazide anilide
M M NH resonances NH resonance
-7
12.0 11.5 11.0 10.5 10.0 ppm

Fig. 16 'H NMR spectra of peptides 27 (Thr-Thr, lower), 28 (Val-Val,
middle), and a mixture of the two peptides (upper) in 10% CD;SOCD;
in CDCIl; solution at 253 K. The spectra of the pure peptides show
homodimers (29 and 30); the spectrum of the mixture shows predominantly
the homodimers and smaller quantities of the heterodimer (31).%7

crosspeaks in two-dimensional spectra may arise from interactions
within either species.

We have found two-dimensional chemical exchange spec-
troscopy (EXSY) to be particularly valuable in dealing with
the problems and challenges posed by multiple species in slow
chemical exchange.’”>* By performing an EXSY experiment with
a mixing time of hundreds of milliseconds and running the
experiment at a temperature at which chemical exchange occurs
at a comparable rate (e.g., by warming the sample until slight
broadening of the resonances occurs), it is possible to identify
the two (or more) resonances associated with each proton in the
molecule. The EXSY experiment is far more effective for complex
molecules than a variable-temperature coalescence experiment
and readily permits the assignment of overlapping resonances and
small resonances associated with minor species. Fig. 17 provides
an example of the application of this technique to establish that

homochiral anilide

NH resonance -10.0
heterochiral anilide
NH resonance — 9 EX¢
~10.5
heterochiral hydrazide L11.0
NH resonance 1 — EXQ o ’
homochiral hydrazide ' &o
NH resonance 1 . EX
heterochiral hydrazide EX -11.5
NH resonance 2 — 0
homaochiral hydrazide % EX
NH resonance 2 T T T T
11.5 11.0 10.5 10.0 (ppm)

Fig. 17 2D EXSY spectrum of a mixture of L-homochiral dimer 32 and
D-homochiral dimer 33. The spectrum was recorded at 800 MHz in CDCI;
at 308 K at 2.0 mM of each peptide using a 500 ms mixing time. EXSY
crosspeaks resulting from chemical exchange with heterochiral dimer 34
are marked “EX” .57
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homochiral B-sheet dimers 32 and 33 are in equilibrium with a
small population of heterochiral B-sheet dimer 34.
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The ease and success with which we have studied these B-sheet
forming molecules has shaped and reinforced my understanding
of many of the points I have raised in the preceding sections.
The molecules are composed of modular building blocks and are
easy to synthesize. Intramolecular hydrogen bonding helps create
folded structures that form well-defined hydrogen-bonded dimers;
all but one hydrogen-bond donor is satisfied either through in-
tramolecular or intermolecular hydrogen bonding. The molecules
contain spectroscopic probes for folding and dimerization and
exhibit clear NOEs that reflect the folding and dimerization.
Slow exchange among the dimers facilitates the identification and
analysis of the species that are present.

The challenges and rewards of water-soluble structures

Water-soluble systems that mimic biomolecular structures and
interactions in aqueous solution provide challenges and opportu-
nities that are very different from systems that dissolve, fold, and
interact in organic solvents. As we have already seen in the discus-
sion of micellar supramolecular receptors, hydrogen bonding is
difficult to achieve in water. For this reason, the design of systems
that fold and interact through hydrogen bonding in aqueous
solution is especially challenging. Water-soluble structures also
require different methods of purification than those that dissolve
in less polar organic solvents. The latter can often be purified
on a scale of up to hundreds of milligrams or grams by “flash”
chromatography on silica gel, while the former require reverse-
phase high-performance liquid chromatography (RP-HPLC) and
are limited to smaller scales (e.g., tens of milligrams). On the
other hand, RP-HPLC is often more effective than “flash”
chromatography and generally affords a clean compound. An
added benefit of RP-HPLC is that the removal of the aqueous
phase by lyophilization often yields fluffy solids that are easy to
manipulate even on a milligram scale.

The peptide chemistry community began to successfully tackle
the thorny problem of creating small peptides that fold to form
B-hairpin structures in aqueous solution in the mid-1990s and
has now developed a variety of different structures that fold into
these minimal two-stranded B-sheet structures.** What was, and
continues to be, missing from the elegant structures that have
been developed is generality—the ability of these structures to
transcend specific peptide sequences and fold without regard to
the individual amino acids present. The B-hairpin structures that
have been developed are, for the most part, remarkably fragile and
teeter on a knife-edge equilibrium between the folded and unfolded
states. Alteration of one or two amino acids is often sufficient to
tip the balance toward the unfolded state.* Also lacking from
these structures is intermolecularity—the ability to interact in a
controlled fashion. In contrast to the widespread interactions
between B-sheets in protein quaternary structures, the f-hairpins
that have been developed do not self-assemble into well-defined
structures.

In 2001, my students and I began investigating the use of
our &-linked ornithine and Hao building blocks, with the goal
of developing modular B-sheet systems that fold, self-assemble,
and interact with proteins in aqueous solution. An innovation
by postdoctoral student Nooshin Hashemzadeh led to our first
water-soluble molecules that fold into well-defined structures in
aqueous solution. We had struggled largely without success to
design molecules based on Orn(i-PrCO-Hao), and other closely
related systems, to adopt folded B-sheet structures in aqueous so-
lution. Inspired by Kelly and coworkers’ finding that hydrophobic
cluster formation is important in B-hairpin formation, Nooshin
envisioned separating the ornithine and Hao residues by pairs of
hydrophobic amino acids.** We were delighted to discover that
peptides 35 adopt folded B-sheet structures when the hydrophobic
amino acids valine and leucine are incorporated at the R,, R,, R,
and R, positions.

A subsequent innovation led to structures that are more general,
folding largely without regard to the residues that are present.
In studying the &-linked ornithine turn, postdoctoral student
Justin Brower was inspired by earlier work by Gellman and
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coworkers to prepare macrocyclic B-sheet 36 as a control.3*
We were, in hindsight, amazed with the facility with which the
macrocyclization reaction to generate this 42-membered ring
macrolactam occurred. With little special precaution or effort,
other than to carry out the reaction under dilute conditions, the
macrocyclization proceeded cleanly.

H3N*\-)L /kffN\)J\ )\WN\)L /k[rN\)L /K[(NHZ

H2C

Lys Thr Gln
+
HgN\)J\ )\’(N\/U\ /'\'(N\)J\ )ﬁf CH2
: Rphe § : Rval §
HTyr : HTrp

JKr T J\r wm*r mea

Rval Arg
36

Drawing upon the ideas behind B-hairpin structures 35 and
macrocycle 36 led us to conceive of macrocyclic B-sheets 37, which
incorporate features of both of these structures. A team effort
by postdoctoral students Justin Brower, Wade Russu, and Jeremy
Woods and graduate student Omid Khakshoor established that
macrocyclic B-sheets 37 are easy to synthesize and generally exhibit
good water solubility and folding properties, with little regard
to the individual amino acids that are present. Further efforts
established that the macrocyclic B-sheets can be linked together by
the ornithine a-amino groups. We have termed peptides 37 cyclic
modular B-sheets to reflect the generality with which they fold and
the potential of these structures to be used as modular building
blocks for the creation of more complex structures.

HaN\/U\ /H( \/U\N/H( \)LN/'\H/N CH2
HzC 5 O 5
HL O ] @6 o] H 4 A QHz
HoCe N NJ\WN N’N\H/\NH3+
H H H
R, O o) s o

cyclic modular p-sheets 37 Me

An innovation by Omid Khakshoor hasled to intermolecularity.
Omid postulated that increasing the length of the extended
peptide B-strand from a pentapeptide to a heptapeptide would
facilitate edge-to-edge hydrogen-bonding interactions between B-
sheets in aqueous solution. Upon preparing cyclic modular (-
sheets 38, he was delighted to find that the molecules fold,
dimerize through edge-to-edge B-sheet interactions, and further
self-assemble to form a tetramer consisting of a face-to-face
dimer of dimers (Fig. 18 and 19). These structures are unique
among small designed B-sheet structures, in that they achieve well-
defined quaternary structure in addition to elements of secondary
and tertiary structure. This system is reminiscent of the self-
assembling supramolecular receptors with which my students and
I had achieved molecular recognition of nucleic acid derivatives
in water (Fig. 4), in that the hydrophobic face-to-face interactions
involved in the self-assembly of the dimer of dimers facilitate the
hydrogen-bonding edge-to-edge interactions between the -sheets
that comprise each dimer.

o R
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Fig. 18 Hydrogen-bonded dimer formed by edge-to-edge interactions of
cyclic modular f-sheets 38.
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Fig. 19 Illustration of the f-sandwich tetramer of cyclic modular B-sheets
38. The tetramer consists of two hydrogen-bonded dimers (Fig. 18)
self-assembled through hydrophobic face-to-face interactions.

Our studies of the folding and interactions of these water-
soluble B-sheet peptides have taught us that working with water-
soluble structures can be remarkably rewarding. With good
building blocks in hand, the systems are easy to synthesize and
purify, and they form interesting, biologically relevant structures.
Many of the principles that my students and I have learned are
embedded in our current designs. Modularity helps make the
molecules easy to synthesize, and judicious use of intramolecular
hydrogen bonding and complementary hydrogen-bonding groups
helps impart good solubility. Dimerization and higher-order
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self-assembly allow us to create complex molecular architectures
that mimic those found in proteins. '"H NMR spectroscopy has
proven critical to our understanding of these structures. Judicious
use of spectroscopic probes that allow us to easily identify NOEs
and other NMR properties associated with folding and self-
association have allowed us to test our ideas. In studying these
systems, pulsed-field gradient (PFG) NMR measurements of dif-
fusion coefficients have proven particularly useful in establishing
the oligomerization states of these species; these measurements
promise to be a valuable addition to our arsenal of tools for
characterizing the structures and interactions of our molecules.**

Conclusion

I never could have envisioned the directions that this series of
studies would take when I embarked upon this research almost
seventeen years ago. The learning that has come from first-
hand experiences with each problem in biomolecular structure
and interaction has directly influenced the problem selection and
approach that has been taken in each subsequent study. Additional
influence has come from the outstanding work of other members
of the chemical community. I would like to think that the work
can be described as creative. Insofar as this is the case, much of
the creativity has come from having a general idea the problem
upon which I wish to work, applying what my students and I have
learned from our past experiences, and keeping our eyes open to
what the molecules that we are studying can teach us. We are now
trying to coax our molecules to interact with proteins and other
biomolecular systems, and I look forward to learning from these
studies in the upcoming years.
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The role of local geometric and stereo-electronic effects in tuning the radiation-induced formation of
intrastrand crosslinks between adenine and thymine has been analyzed by a computational approach
rooted in density functional theory. Our study points out that together with steric accessibility,
stereo-electronic effects play a major role in determining the reaction mechanism and the observed
predominance of the thymine—adenine lesion over the opposite sequence isomer.

1. Introduction

Tandem modifications represent a subclass of complex DNA
clustered lesions that have been shown to be mostly generated
by exposure of cells to high energy radiation (E > 100 keV)
including X- and y-rays together with high linear transfer energy
(LET) particles.”® Formation of the latter damage is mostly
explained by multiple events associated with the deposit of energy
along the particle track. However, evidence has been provided in
particular through the pioneering work of Box and co-workers
that one -OH radical hit is able to generate tandem base lesions in
short oligonucleotides and isolated DNA.* Formylamine (Fo), a
pyrimidine remnant of -OH and one-electron oxidation-mediated
decomposition reactions of thymine and cytosine™® has been
shown to be part of tandem base lesions together with 8-oxo-7,8-
dihydroguanine (8-oxoguanine) within short oligonucleotides and
DNA exposed to ionizing radiation and type I photosensitizers
in aerated aqueous solutions.”” It was shown that both 5-
hydroxy and 6-hydroxy-6(5)-peroxy-5,6-dihydropyrimidyl radicals
are involved in the intramolecular addition to the C8 position
of the vicinal guanine moiety giving rise, through secondary
reactions, to the Fo/8-oxoguanine and 8-oxoguanine/Fo tan-
dem lesions.® Insights into the mutagenic features of the latter
tandem damage and the specificity of enzymic removal by base
excision repair proteins were gained from studies that have
required the site-specific insertion of these lesions in defined-
sequence oligonucleotides.'™! Other vicinal base modifications
have been shown to be generated under oxidative conditions.
This involves in particular the formation of a cross-link lesion
between the 5 cytosine and the N4 nitrogen of the 3’ cytosine
in 2'-deoxycytidylyl (3'-5") 2'-deoxycytidine (dCpdC) upon type I
photosensitization.’* Another tandem lesion between two adjacent
cytosines in one-electron photo-oxidized dCpdC has been isolated
and characterized.”® This was accounted for by the covalent
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attachment of the N3-centred radical of the 3’ cytosine to the C6
atom of the 5’ cytosine. Considerable attention has been devoted to
the formation and biochemical features of tandem lesions whose
generation involves intramolecular cyclization of a 2-deoxyribose
radical that arises from radical hydrogen abstraction within the
5'-hydroxymethyl group of a nucleoside to either the C8 carbon of
purine bases or the C6 of pyrimidine bases. Thus, it was found that
both (5R) and (5S) diastercomers of 5',8-cyclo-2'-deoxyadenosine
and 5,8-cyclo-2'-deoxyguanosine are generated in oxygen-free
aqueous solutions."*® In addition, several diastereomers of 5,6-
cyclo-5,6-dihydropyrimidine nucleosides were shown to be pro-
duced by y radiation of thymidine and 2’-deoxycytidine in frozen
aqueous solutions at 196 K* and further inserted into defined
sequence oligonucleotides.?®* Interestingly, two diastereomers
of §,6-cyclo-5"-hydroxy-5,6-dihydro-2'-deoxyuridine were isolated
and characterized in y-irradiated aerated aqueous solutions of 2'-
deoxycytidine.”? More recently the two latter pyrimidine cyclonu-
cleosides were site-specifically incorporated into defined sequence
DNA fragments.”® It may be added that other tandem base
lesions whose mechanism of formation is rationalized in term of
addition of 5-(uracilyl)methyl radical® to vicinal purine bases have
been recently characterized in dinucleoside monophosphates and
isolated DNA.**?¢ Subsequently, it was also shown that the related
radical that may derive from the predominant deprotonation of
the methyl group of the pyrimidine radical cation of 5-methyl-2'-
deoxycytidine? is able to add to the vicinal guanine base giving rise
to tandem base modifications in dinucleoside monophosphates
and DNA fragments.?®*

In spite of the studies mentioned above, there is still a lack
of mechanistic insight into the radical formation of the latter
classes of intra-strand tandem lesions that involve the covalent
attachment of thymine or 5-methylcytosine to a vicinal purine
base. Therefore the present study is aimed at gaining information
on the reaction pathways involved in the radiation-induced
formation of two isomeric thymine—adenine cross-links, namely
TA and AT adducts®** that arise from the attachment of the 5-
(uracilyl)methyl radical to the C8 of the purine base. This was
achieved using a theoretical approach.

Thanks to the recent advances of quantum mechanical methods
rooted in density functional theory (DFT),3! systems of biolog-
ical and pharmacological interest can be nowadays treated within
remarkable accuracy, a particularly effective approach being
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offered by hybrid functionals (here B3LYP) with medium size
basis sets [here 6-31G(d,p)]. In that respect, it may be pointed out
that a similar theoretical approach, based on the use of the DFT
(B3LYP) formalism, was applied to investigate the mechanism of
radiation formation of other tandem lesions including purine 5,8-
cyclonucleosides and pyrimidine 5',6-cyclonucleosides.?* Thus, we
have performed a comprehensive study of the reaction mechanism
leading to tandem lesions of suitable models of adenine-thymine
(A-T) and thymine—adenine (T-A) pairs using this computational
model. Despite the quite large dimensions of the model used
to mimic the reaction center (vide infra) more distant parts
of DNA chains can influence the reaction by steric and/or
electrostatic interactions. We are, however, convinced that local
stereo-electronic effects play a significant role in tuning this kind
of reaction and that their analysis represents a mandatory starting
point for successive analysis of long range effects by suitable
QM/MM and/or continuum models.

2. Methods

Computational details

All the calculations were carried out using the Gaussian 03
package® at B3LYP/6-31G(d,p)* level. After full geometry
optimization, the different stationary points were characterized
as minima or transition states by calculating the harmonic vibra-
tional frequencies. Zero point energies (ZPEs) and thermal con-
tributions to thermodynamic functions and activation parameters
were computed from those structures and harmonic frequencies
by using the rigid rotor/harmonic oscillator approximation and
the standard expressions for an ideal gas in the canonical ensemble
at 298.15 K and 1 atm. Reaction paths were characterized at
the same level in terms of the intrinsic reaction coordinate
(IRC)* starting from the optimized transition structure (TS) and

using 10 steps in each direction, with a step size of 0.3 amu~'">

Bohr.

3. Results and discussion

As mentioned above, there is convincing experimental evidence
showing that the reaction under investigation begins with the
homolytic cleavage of the C—H bond in the thymine methyl
group with the consequent formation of a radical (R). Then,
the characterized final product presents an intermolecular bond
between the thymine—CH, radical and the C8 atom of the adjacent
adenine, but different sequences of the DNA bases adenine (A)
and thymine (T) in the nucleic acidic strand lead to different
percentages of final product: 85% with 5-AT-3' and 15% with
5'-TA-3.

In the absence of experimental data concerning the structures
of reaction intermediates and transition states, a rationalization
of these results in terms of reaction mechanisms can be obtained,
in our opinion, by a comparative theoretical analysis of different
paths taking into account the available experimental evidences. As
a first step, we have carefully selected a suitable model including
all the local interactions which can play a role in tuning the
reaction mechanism. After some tests, we ended up with the
two dinucleoside monophosphates (5'-AT-3' and 5'-TA-3') shown
in Scheme 1: they include the two nucleic bases [adenine (A)
and thymine (T)] each covalently attached to a sugar residue
namely the 2-deoxyribose, together with the phosphodiester bridge
connecting the two residues.

As mentioned above, elimination of a hydrogen atom from the
methyl group of adenine leads to the radical species (R—AT and R—
TA) which are the starting points of our mechanistic investigation.

Full geometry optimization of the R-AT and R-TA systems
leads to a distance between the bases much longer than the
experimental values due to the lack of the constraints introduced

5'-AT-3'

5'-TA-3'

Scheme 1 Structures of the studied dinucleoside monophosphates 5-AT-3' and 5-TA-3'. Elimination of the circled H atoms leads to the R-AT and

R-TA species.
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AT
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Scheme 2 Structures of the studied dinucleoside monophosphate products of AT and TA tandem lesions.

by the DNA sequence. As a consequence the energies of these
systems should be considered with some caution in the following
evaluation of thermodynamic and kinetic parameters. However,
the computed stabilities of R-AT and R-TA are so close to
suggest that specific interactions are negligible and that our model
is sufficient to obtain a realistic reaction mechanism.

In the next two subsections the mechanisms of the AT and TA
tandem lesions (the final products are shown in Scheme 2) will be
considered separately, whereas the last subsection is devoted to a
comparison between the two situations.

3.1 AT tandem lesion

As already discussed, the first step consists in the formation of the
R-AT radical; so, starting from this species the general scheme for
the reaction is the following:

8 . |
o S g et
| | --------- > | | * H 8=2.deoxy-ribose
S s P=phosphate grou|
S S =phosp! group
\P/ \P o

On the basis of our computations, the stepwise pathway
for the reaction can be described in terms of an addition—
elimination mechanism, characterized by two successive steps, i.e.
the formation of the bond between the C8 atom of adenine and
the methyl carbon of thymine (CT) followed by the breaking of
the bond between C8 and its hydrogen atom H8.

The transition state (TS1-AT, Fig. 1) governing the first step
(essentially formation of a CT-CS8 bond) is characterized by an
incipient tetrahedral character of C8 (sp2 hybridization in adenine
and sp3 hybridization in the first intermediate), a lengthening
of the N7-C8 bond (to 1.377 A) which is evolving from a
double to a single bond, and a distance of 2.142 A between
CT and C8.

Table 1 Thermodynamic and kinetic parameters for the formation of the
AT tandem lesion at standard conditions (298.15 K, 1 atm) in the gas
phase computed at the B3LYP/6-31G(d,p) level

TS1-R  II-R  TS2-I1 P-I1 PR
AE/kcal mol™ 41.5 8.6 372 348 433
TAS/kcalmol™'  —3.8 -2.5 0.95 7.9 5.4
AG/kcal mol™ 44.2 10.6  36.7 28.2 387

This step ends with the formation of a relatively stable interme-
diate (I1-AT, Fig. 1) in which the C8-CT and C8-HS8 bond lengths
are 1.560and 1.093 A, respectively. Starting from this intermediate,
the reaction proceeds toward a second transition state (TS2-AT,
Fig. 1) issuing from the breaking of the C8—-HS8 bond of adenine
characterized by a distance of 1.916 A (C8-CT is 1.506 A).

After that, the reaction leads to the AT tandem lesion observed
experimentally (P-AT, Fig. 1).

The energetic of all the reaction steps is sketched in Fig. 2 and
Table 1.

The energy barrier (AEfTSl,R)) governing the first step is of
41.5 kcal mol™ (Fig. 2) and the corresponding free energy of
activation (AGl,_g,) amounts to 44.2 kcal mol~' (Table 1) with a
quite small negative entropy contribution (TAS), 5, = —3.8 kcal
mol~") probably related to the decreased flexibility of the whole
structure. This step (AE, r)) is endoergic by 8.6 kcal mol™' and
is further disfavored by a small entropy contribution (TASq, r) =
—2.5 kcal mol™) leading to AGy, ) = 10.6 kcal mol™'. All these
quantities are quite close to those obtained by Durbeej and
Eriksson for similar systems.**’

The second reaction step (Fig. 2, Table 1) is characterized by an
activation free energy (AGhs, ;) of 36.7 kcal mol™" (AGrs, 5, =
47.3 kcal mol™' with respect to reactants) and is now favored
by entropic effects (TAS(ITSE_R) = 0.95 kcal mol™) due to some
reduction of the overall rigidity. The corresponding reaction free
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TS2-AT ——

11-AT

Fig. 1 Optimized structures of: transition state TS1-AT, intermediate I11-AT, transition state TS2-AT and product P-AT (the distances are in A).

50 45.8
41.5 433
°
E
3
x 254
£
w
g
8.6
0
R-AT TS1-AT 11-AT TS2-AT P-AT

Fig. 2 Computed electronic energies (AE and AE?) of reaction steps
characterizing in the mechanism of the AT tandem lesion at the
B3LYP/6-31G(d,p) level.

energy (AGp ) is 28.2 kecal mol™' (AGpr, = 38.7 kcal mol™!
with respect to reactants): thus the overall reaction is strongly
endothermic.

3.2 TA tandem lesion

The second title reaction can be formally written as:

L]
CHQ H = cnine
T/ A /,GH;_\A ??}?Lnilnc
_________ - e~ =Thymine
| | | I # H S=2-deoxy-ribose
S S P=phosphate grou
s S =phosp group
\P/ \P/

Our computations show that this reaction channel is more
involved than the previous one since, after a quite similar first
reaction step, the H8 atom does not leave from the substrate (C8—
H8=1.098 A), but is, rather, transferred on the thymine leading to
a second intermediate, which, in turn, can evolve along different
routes. In detail, starting from the R-TA radical (Scheme 1), the
transition state TSI-TA (C8-CT = 2.158 A, Fig. 3) rules the
formation of the covalent inter-base bond (C8-CT = 1.561 A) in
the intermediate I1-TA (Fig. 3).

Next, the second step involves the cleavage of the C8-HS8 bond,
and, through the transition state TS2-TA (C8-H8 = 1.990 A,
Fig. 3), leads to a second intermediate (I2-TA, Fig. 3) in which H8
is bonded to the C5 of thymine (C5-H8 = 1.097 A) in agreement

This journal is © The Royal Society of Chemistry 2006

Org. Biomol. Chem., 2006, 4, 3986-3992 | 3989





Table 2 Thermodynamic and kinetic parameters for the formation of the TA tandem lesion at standard conditions (298.15 K, 1 atm) in gas-phase

computed at the B3LYP/6-31G(d,p) level

TS1-R I1-R TS2-11 I12-R TS3a-12 TS3b-12 Pa-12 Pb-12
AE/kcal mol™ 393 12.1 36.0 11.0 21.4 15.6 18.5 -9.9
TAS/kcal mol™! —2.83 —0.06 —1.47 —4.49 3.24 1.36 10.45 3.5
AG/kcal mol™! 41.6 12.6 37.2 13.4 20.0 15.4 11.2 —12.6

| =

= - v
A < 5 b B 1
) X A=
</ 1= T [ AV §
) J E
TS1-TA =
1-TA L

TS2-TA -

\

12.TA
J

Fig.3 Optimized structures of: transition state TS1-TA, intermediate I1-TA, transition state TS2-TA and intermediate I2-TA (the distances are in A).

with previous computational studies and experimental evidences.*®
As a matter of fact, in TS2-TA the distance of H8 from the C5
atom thymine is 2.593 A.

Starting from [2-TA, two reaction channels are open. The first
one corresponds to the homolytic cleavage of the C5-HS8 bond,
which, through the transition state TS3a-TA (characterized by a
C5-H8 distance of 1.992 A, Fig. 4), leads to the formation of the
TA tandem lesion (Pa-TA, Fig. 4).

The second channel involves, instead, the breaking of the C5-
CT bond through the transition state TS3b-TA (characterized by
a C5-CT bond length of 2.139 A, Fig. 4) and the formation of
a dinucleoside involving uracil (U) and a 8-methylated adenine
residue with a radical site at position 8 (Pb-TA, Fig. 4).

Of course, the radical form of methylated adenine will spon-
taneously react for instance for generating the neutral methylated
adenine through reaction with the hydrogen atoms largely available
in the reaction medium. The energetic of all the reaction steps is
sketched in Fig. 5 and Table 2.

The first step (Fig. 5, Table 2) involves an activation energy,
AE}g ), of 39.3 kcal mol ™! (AGlyg,—y, = 41.6 kcal mol'; Table 2)
and a reaction energy, AE, r), of 12.1 kcal mol™' (AGy, &) = 12.6
kcal mol™"). Once again, the entropic contribution is negligible

from a thermodynamic point of view, but slows down the kinetics
of the reaction due to an increased rigidity of the transition state
with respect to the reactant. The second step (Fig. 5 and Table 2),
involving the splitting of the C8-H bond and the formation
of the C5-H bond, is characterized by AEfTSZ_m = 36.0 kcal
mol~' and a reaction energy (AEy, g)) of 11.0 kcal mol™'. Now,
however, entropic terms modify also the thermodynamics of the
reaction (AG, x) = 13.4 kcal mol™") since the intermediate 12-TA
is significantly more rigid than its I1-TA counterpart.

At this point the reaction can follow two alternative routes
(Fig. 5 and Table 2). The first one leads to the TA tandem lesion
through the cleavage of the C5-H bond with AEfmﬂ,m =214
keal mol™! and AGi;, 1, = 20 kcal mol~'. The reaction energy
AEp, 1y is 18.5 kcal mol™ (AGp, 1) = 11.2 kecal mol™), but the
entropic contribution TASp, 1, (10.4 kcal mol™) is significant
since a monomolecular system is transformed into a bimolecular
one. The second route, leading to the cleavage of the C5-CT bond,
is characterized by AE, fTs3b,,2) and AE 1s3, 1y of 15.6 kcal mol™ and
—9.9 kcal mol™!, respectively. Since this step is monomolecular,
the entropic contribution is much smaller (TAS s, 1) = 3.5 kcal
mol~') than in the previous case (10.4 kcal mol™"). Thus, formation
of uracil and methylated adenine is favored with respect to TA
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Fig. 4 Optimized structure of the transition states TS3a-TA and TSA3b-TA, and products Pa-TA and Pb-TA (the distances are in A).
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Fig. 5 Computed electronic energies (AE and AE?) of the reaction
steps characterizing the mechanism of the TA tandem lesion at the
B3LYP/6-31G(d,p) level.

tandem lesion by both kinetic and thermodynamic points of
View.

3.3 Discussion

The results of the preceding sections show that the formation of
AT and TA tandem lesions is determined by two factors:

A geometric factor related to the DNA sequence;

A stereo-electronic factor related to the different reactivity of
the dinucleoside monophosphates

The ‘sequence factor’ leads to two different intermediates (Fig. 1
and 3) characterized by similar structures, but showing a specific
difference, which plays a dominant role in the second step of the

reaction. As a matter of fact, only in the 5-AT-3' sequence the
reactive hydrogen H8 occupies a position external to the molecular
surface of the nucleoside and thus quite favorable for an attack by
other radical species present in the reaction medium. On the other
hand, in the 5-TA-3' sequence the hydrogen atom is well within
the molecular envelope and thus transfer to C5 is favored with
respect to extraction by external radicals.

Next, our computations show that the selection between TA
and AT tandem lesions occurs during the second reaction step,
since the first one (formation of the C8-CT covalent bond) is
very similar for the alternative routes concerning both structural
and energetic aspects. In particular, formation of methylated
adenine seems favored when starting from the R-TA reactant
whereas this channel is not available starting from R-AT. This
would explain why mostly AT tandem lesions are experimentally
observed. However, full validation of the suggested mechanism
would require the experimental observation of uracil among the
reaction products.

A last point deserving some comment is the role played by
long range intra-molecular interactions and by solvent effects in
tuning the reaction mechanism. While a proper account of steric
interactions would require explicit inclusion of larger DNA models
by, e.g. QM/MM methods, a rough evaluation of the role played
electrostatic effects can be obtained employing a polarizable
continuum description of the environment.®*' As a matter of
fact, the dipole moments of transition states and intermediates
collected in Table 3 indicate that some structures are significantly
more polar and could be, therefore, selectively stabilized by the
presence of a polar environment.
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Table 3 Dipole moments (in Debyes) of intermediates and transition states computed in the gas-phase at the B3LYP/6-31G(d,p) level

TS1I_AT 11_AT TS2_AT P_AT TSI_TA

I1_TA TS2_TA

I2.TA TS3a_TA TS3b_TA Pa_TA Pb_TA

7.55 3.44 2.01 3.34 5.89 5.46

2.32 2.94 2.19 2.99 2.18 3.48

We have thus performed some PCM computations for the TSs,
intermediates, and products which are characterized by a full or
incipient chemical bond linking the bases. The results obtained
using methylene chloride as an ‘effective’ solvent embedding the
model system show that specific activation or reaction energies
can be modified by as much as 5 kcal mol~', but general trends are
not changed.

Thus, in the absence of specific steric effects, the general
trends issuing from our computations can be considered quite
representative of the reaction mechanism governing the formation
of tandem lesions.

4. Conclusions

Our study has enabled us to point out the different formation
mechanisms of the TA and AT tandem lesions. From one side,
the computed thermodynamic parameters are in agreement with
the available experimental data thus suggesting that the reaction
mechanism issuing from our computations is reliable. From the
other side, the discovery of a second reaction channel for the 5'-
AT-3' route could explain the excess of the AT tandem lesions and
the low proportion of TA tandem lesions. This hypothesis appears
reasonable in view of the known structure of the corresponding
methylated guanine and opens interesting perspectives for further
experimental investigations.
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Expression and initial characterization of Wbbl, a putative D-Galf:a-D-Glc
B-1,6-galactofuranosyltransferase from Escherichia coli K-12
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Cloning of E. coli K-12 orf8 (wbbI) and over-expression of the corresponding enzyme as a
maltose-binding fusion protein provided recombinant WbblI B-1,6-galactofuranosyltransferase activity.
Challenged with synthetic acceptor analogues in the presence of UDP-galactofuranose as a donor,
WhbbI showed a modest preference for pyranoside acceptor substrates of the a-D-gluco-configuration

but it also possessed the ability to turn-over acceptor analogues.

Introduction

A wide range of pathogenic microorganisms produce macro-
molecules containing galactofuranose (Galf): bacterial O
antigens,"? fungal exopolysaccharides,® glycolipids and cell
walls,** protozoal glycoproteins and lipophosphoglycans.>”
Galactofuranose has been recognized to play an important
structural role in Mycobacterium tuberculosis, where galactofura-
nosyltransferase (Galf'T) activities are essential for cell viability.?
Sequence analysis of parasitic protozoa shows that the Leishmania
genome encodes at least 6 candidate UDP-Galf" transferases and
that there are more than 20 related genes present in 7rypanosoma
cruzi.® Beverley et al note' that no candidate UDP-Galf
transferases have so far been reported in fungi, although they must
exist given the number of Galf-containing glycoconjugates known
in these organisms." The absence of galactofuranose in mammals®
suggests that Galf biosynthesis and metabolism has potential as a
target for new anti-microbial drugs, and/or that Galf-containing
structures might be suitable as anti-microbial vaccines.?

It was originally shown in a Salmonella cell-free system
that 5-membered ring galactofuranose-containing structures are
biosynthesized from 6-membered ring UDP-galactopyranose.'>!?
Genetic and biochemical studies'® showed that Galf arises
through the action of a novel UDP-galactopyranose mutase'®!’
that catalyzes the reversible ring-contraction of UDP-Galp to
UDP-Galf, the putative donor substrate of galactofuranosyltrans-
ferases. The gene encoding UDP-galactopyranose mutase, GLF,
was first identified by Reeves et @l in connection with studies
on the genetics and structure of the E. coli K-12 O antigen, the
repeat unit of which contains B-p-Galf (Fig. 1).!

The E. coli K-12 rfb cluster,*"® which codes for O antigen
biosynthesis, contains 11 open reading frames. Functions for
most of the corresponding proteins have been identified ei-
ther experimentally, or by homology to known enzymes from
other species. Nassau et al. identified orf8 (otherwise known
as wbbl, b2034 or yefG)*® of the rfb cluster as a putative B-
1,6-galactofuranosyltransferase." Assuming that this is correct,
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Fig. 1 Structure of the oligosaccharide repeat unit of E. coli K-12 O
antigen,! with the key galactofuranose residue in grey.

the corresponding enzyme would be involved in the transfer of
Galf onto an a-D-gluco-configured acceptor substrate to form
a f-1,6-linkage. To date, only the galactofuranosyltransferase
that catalyses the formation of alternating B-1,5- and B-1,6-
linkages in the biosynthesis of the mycobacterial cell wall has
been subject to detailed analysis.”* However, BLAST sequence
homology analysis of Wbbl and the M. tuberculosis transferase
shows there to be no significant homology between them. Protein
sequence identity between the putative B-1,6-Galf transferase
from Streptococcus gordonii, WefE, and E. coli Wbbl is 32%.*' Tt
should be noted, however, that the assignment of WefE as a -1,6-
Galf transferase is solely based on its sequence homology to WbbI
and S. thermophilus Eps6N?! (62% identity to WefE), neither of
which have been experimentally characterized. Therefore, in order
to confirm its assignment as a 3-1,6-galactofuranosyltransferase,
and to assess its suitability as a generic tool for enzymatic synthesis,
we have cloned E. coli wbbl, over-expressed the corresponding
WbblI protein in E. coli as a maltose binding protein (MBP) fusion
protein (WbbI-MBP) and conducted a preliminary investigation
of is synthetic capability.

Results and discussion

To obtain protein for analysis, the wbbl gene was cloned into
the pMAL-c2x vector and Wbbl was expressed in E. coli BL21
(DE3) pLysS cells as a maltose-binding protein fusion. The fusion
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protein was purified by affinity chromatography on an amylose
column, typically eluting with 3 mM maltose. The resulting
protein displayed an apparent molecular weight consistent with
that predicted for the MalE-WbblI fusion protein (ca. 80 KDa)
and was >90% pure, as judged by SDS-PAGE (Fig. 2). Material
of this quality, of which 15 mg was obtained per litre of cell culture,
was sufficiently clean for direct use in biotransformation studies.f

i3 2 3 4 5 6
175 kDa —»

83 kDa ———p
62 kDa —p
48 kDa —»
33kDa —»

Fig. 2 Expression and purification of WbbI-MBP fusion protein. From
left to right: (1) molecular weight markers; (2) cell pellet; (3) cell lysate;
(4) column flow through; (5) column wash; (6) eluted WbbI-MBP fusion
protein. (10% SDS-PAGE gel.)
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Whbbl is thought to be involved in the transfer of Galf onto
an o-D-glucose-based acceptor substrate to form a -1,6-linkage.
‘We have recently reported a convenient chemoenzymatic synthesis
of UDP-Galf;*? for convenience, it can also be made in situ
by the action of UDP-galactose mutase on commercial UDP-
Galp.”® The simplest possible saccharide acceptor substrate for
this enzyme is therefore an o-D-glucopyranoside. For convenient
assessment of Wbbl action, TLC analysis in conjunction with octyl
glycoside acceptor substrates was employed.” Hence, octyl a-D-
glucopyranoside 1 was selected as a model acceptor. In addition,
substrate specificity was evaluated with a number of stereoisomers
of octyl a-D-glucopyranoside (Glcp-a-octyl, 1), namely octyl -
D-glucopyranoside (Glep-B-octyl, 2), octyl a-D-mannopyranoside
(Manp-a-octyl, 3), octyl a-D-galactopyranoside (Galp-a-octyl,
4) and the structurally similar octyl 2-acetamido-2-deoxy-a-D-
glucopyranoside (GIcNAcp-a-octyl, 5). These compounds were
either commercially available (1 and 2) or were prepared essentially
as described in the literature (3, 4,2 5%). In addition, the putative
product of WbbI action on Glcp-a-octyl 1, namely octyl p-1,6-
D-galactofuranosyl-a-D-glucopyranoside [Galf-B-(1— 6)-Glcp-o-
octyl, 6], was also chemically synthesized in order to validate
analytical protocols. Briefly, the synthesis of authentic disaccha-
ride product, 6, was achieved as follows (Scheme 1). Octyl a-D-
glucopyranoside 1 was prepared from D-glucose by BF;-Et,O-
promoted Fischer-type glycosylation in neat n-octanol; excess of
the latter was subsequently removed on a silica gel column using
gradient elution with CH,Cl,-MeOH. Selective protection of the
primary alcohol of compound 1 gave trityl ether 7, which was tri-
O-benzylated, giving 8, and subsequently treated with acid to give
the primary alcohol 9. Glycosylation of 9 with galactofuranosyl
phenylselenide donor 10* using N-iodosuccinimide and triflic
acid afforded protected disaccharide 11, which was hydrogenated,

T Cleavage of the fusion protein could be effected with factor Xa, giving
WbblI as essentially a single species of molecular mass 38 236 Da (predicted
38234 Da), as judged by electrospray ionization mass spectrometry.
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Scheme 1 Synthesis of  authentic  disaccharide  product

Galf-B-(1—6)-Glep-o-octyl 6. Reagents and conditions: (a) n-octanol,
BF;-Et,0, 47%; (b) trityl chloride, Py, 87%; (c) BnBr, NaH, DMF, 89%;
(d) 90% aq. TFA, CH,Cl,, 82%; (e) NIS, TfOH, CH,Cl,, 78%; (f) H,,
Pd/C, EtOH, 85%; (g) NaOMe, MeOH, quant.

giving 12, and deacetylated to afford the required octyl disaccha-
ride 6.

Incubation of WbbI-MBP fusion protein with n-octyl o-D-
glucopyranoside 1 as a putative acceptor and authentic UDP-Galf
as a donor substrate gave a new product as a function of time, as
judged by TLC (Fig. 3). Similar results were obtained regardless
of whether authentic UDP-Galf" was used, or it was generated
in situ from UDP-Galp by the action of UDP-galactose mutase.
Reactions with UDP-Galp in the absence of UDP-galactose
mutase gave no product.}

Octyl glycoside —» . . o ‘

acceptor

Disaccharide —5 % %
product

Origin

Fig. 3 TLC analysis of a time course of the E. coli WbbI-MBP
Galf transfer reaction using synthetic UDP-Galf" as donor and n-octyl
o-D-glucopyranoside 1 as acceptor. (1) time = 0; (2) time = 1 h; (3) time =
3 h; (4) n-octyl a-D-glucopyranoside standard.

These results suggest that Wbbl is a galactofuranosyltrans-
ferase which can use n-octyl o-D-glucopyranoside as an acceptor
substrate for the addition of galactofuranose from the donor

1 In enzyme activity analyses the intact WbbI-MBP fusion protein and the
cleaved re-purified Wbbl behaved similarly.
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Table 1 Transformations and product characterization for the action of Wbbl on prospective octyl glycoside acceptor substrates

Substrate

Product

Turnover

'"H NMR data

Mass spectrometry data

Glep-a-octyl 1
OH

HQ

e

HoO-ot:tyl

Glep-B-octyl 2
OH

R

3

H

(@]

Manp-o-octyl 3

o
oF

He

(]

O-octyl

Galp-o-octyl 4
HO _OH

O-octyl

Galf-p-(1— 6)-Glcp-a-octyl 6

Galf-B-(1—6)-Glcp-B-octyl

Galf-p-(1—6)-Manp-a-octyl

Galf-B-(1— 6)-Galp-a-octyl

100%

<5%

50%

25%

H1:4.75 ppm (3.6 Hz)
H1": 4.88 ppm (1.2 Hz)

H1: 4.69 ppm (1.2 Hz)
H1": 4.85 ppm (1.2 Hz)

H1:4.73 ppm (3.2 Hz)
H1': 4.78 ppm (1.2 Hz)

Calcd for CyHyO,, 454
Found [M + Na*] 477.4

Calcd for C, H; Oy, 454
Found [M + Na*] 477.2

Calcd for C,)H3O,, 454
Found [M + Na*] 477.2

HO

318

HOO—octyl

GlcNAcp-a-octyl 5
OH

HQ

3ie

AcHN
© O-octyl

Galf-p-(1—6)-GlcNAcp-o-octyl 75%

H1:4.76 ppm (3.3 Hz)
H1": 4.82 ppm (0.9 Hz)

Calcd for C,,H,NO,, 495
Found [M + Na*] 518.2

substrate UDP-galactofuranose. In order to confirm the structure
of the product formed, reactions were scaled up accordingly
and octyl disaccharide product was purified by CI18 reverse
phase HPLC. '"H NMR spectroscopy and mass spectrometry
characterization showed the enzymatic product to be identical
to authentic octyl B-1,6-D-galactofuranosyl-o-D-glucopyranoside
[Galf-B-(1—6)-Glcp-a-octyl, 6] produced by chemical synthesis
(see Scheme 1 and Table 1).

Table 1 summarizes a preliminary assessment of the acceptor
substrate specificity of WbbI-MBP, based on challenging the
enzyme with a series of octyl monosaccharide acceptor analogues
(vide supra). Whilst the enzyme exhibits a strong preference for
a-configured acceptor sugars (1 > 5 > 3 > 4 > 2), it is less
fussy about the relative configuration elsewhere on the acceptor
sugar ring (1 > 3 > 4) and it will also tolerate replacement of
the C-2 hydroxyl groups by an acetamido group (1 vs. 5). This
suggests that WbbI-MBP is a potentially versatile biocatalyst for
in vitro synthesis of Galf-containing saccharides. For instance,
the Galf-p-(1— 6)-Manp-o-octyl disaccharide arising from WbblI
action on Manp-a-octyl 3 represents a fragment analogue of the
phosphoglyceroglycolipid antigen of Paracoccidioides brasiliensis,
the causative agent of a systemic mycosis, which contains Galf-f3-
1,6-Man-f-1,3-Man-f-1,2-myo-inositol.”’

Conclusions

In summary, we have cloned E. coli K-12 wbbI and over-expressed
the corresponding protein as a maltose-binding fusion protein.
The fusion protein shows activity as a UDP-Galf-dependent
B-1,6-galactofuranosyltransferase capable of glycosylating octyl
a-D-glucopyranoside but not its B-anomer, in keeping with
the o-configuration of the natural oligosaccharide acceptor for
WbbI. The relaxed acceptor substrate specificity displayed by
WbbI in vitro identifies this enzyme as a potentially useful
biocatalyst for formation of Galf-B-1,6-Glyp units. However, given
that Wbbl does not appear to require more than a single sugar
residue for acceptor recognition, this raises questions about its in
vivo specificity. Further kinetic analysis is ongoing to investigate
this point.

Experimental

All chemicals were purchased from Sigma-Aldrich. Escherichia
coli strain BL21 (DE3) pLysS cells and factor Xa were purchased
from Novagen. All restriction enzymes, T4 DNA ligase, amylose
resin and pMAL-c2X vector were obtained from New England
Biolabs. PCR primers and pCR-Blunt plasmid kit were obtained
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from Invitrogen. Pfu DNA polymerase was purchased from Strata-
gene. The Klebsiella pneumoniae UDP-galactopyranose mutase
clone was kindly provided by Prof. Chris Whitfield, University of
Guelph, Canada.

General methods

Solution pH values were measured at 25 °C with an Accumet
model 20 pH meter and Accumet combination electrode standard-
ized at pH 7.0 and 4.0 or 10.0. Protein purification was performed
at 4 °C using an FPLC system (Amersham-Pharmacia Biotech).
Protein concentration was determined using the bicinchoninic
acid (BCA) protein assay (Pierce) with bovine serum albumin
as a standard. Spectrophotometric assays were performed using
a UVIKON XL double beam UV-vis spectrophotometer (BIO-
TEK Instruments). '"H NMR spectra were recorded on a Varian
Gemini spectrometer at 300 MHz and are referenced to residual
HOD at 64 4.75 ppm in D,0. ESI mass spectra were recorded on
an ABI QSTAR Pulsar QTOF spectrometer.

Cloning of wbbl, over-expression and purification of WbbI-MBP

The E. coli K-12 wbbI gene was cloned as described previously™
but due to problems in obtaining soluble protein the gene
was further sub-cloned. The gene was amplified by PCR using
the primers: 5-GATATAGAATTCATGTATTTTTTGAATCAT-
3 and 5-GAATTCGGATCCTTAGAGAGTTTTAAG-3, which
were designed to create EcoRl and BamH] restriction endonu-
clease sites (underlined) using the initial construct as a template.
The PCR product was digested with EcoRI and BamH1 and was
subjected to agarose (0.8%) gel electrophoresis. The amplified
DNA product was ligated into the pCR-Blunt plasmid and
transformed into One Shot TOP10 cells. Plasmid DNA isolated
from these cells was then digested with EcoRI and BamH]I and
the purified insert was ligated into purified plasmid pMAL-c2x
previously linearized with the same restriction enzymes, yielding
an expression plasmid for E. coli WbbI with an N-terminal maltose
binding protein fusion tag. The plasmid (pMAL-c2x:wbbI) was
then isolated, sequenced, and used to transform E. coli BL21
(DE3) pLysS cells. Transformed cells were grown overnight in
50 mL of LB broth containing 100 pg mL~" ampicillin and 34 pug
mL~" of chloramphenicol. 1 L cultures were then inoculated to
an Ao of ~0.05. The cells were grown at 37 °C to an A, of
0.8. Cells were cooled for 1 h at 4 °C and protein expression was
subsequently induced by the addition of 0.5 mM isopropyl B-D-
thiogalactopyranoside (IPTG) and left to grow for a further 16 h at
20 °C. Expression of the protein was confirmed by sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS-PAGE).

All protein purification steps were carried out at 4 °C. The cell
pellet (30 g) was resuspended in 50 mL of 20 mM HEPES, 200 mM
NaCl, pH 8, containing two tablets of complete protease inhibitor
cocktail (Roche). Cells were disrupted on ice by sonication using
a Branson Sonifier 450. The suspension was then centrifuged
(10000 g for 30 min) to remove cell debris. The supernatant was
then filtered using a 0.2 pm syringe filter. The filtered supernatant
was applied to a pre-equilibrated (Buffer A; 20 mM HEPES,
200 mM NacCl, pH 8) amylose column (3 x 15 ¢cm). The column
was washed at 1 mL min~"' with 8 column volumes of the same
buffer and then eluted with a linear gradient of maltose (0—5 mM

over 10 column volumes) in Buffer A. Protein was detected with
an on-line detector monitoring A,y and column fractions were
collected and analyzed by SDS-PAGE. Fractions containing the
ca. 80 kDa protein were pooled and dialyzed twice against 4 L of
20 mM HEPES (pH 7.5), 200 mM NaCl, ] mM EDTA, pH 8 and
concentrated using a YM10 Amicon ultrafiltration membrane to
a final concentration of 20 mg mL~" and stored in 50% glycerol at
—20°C.

Factor Xa cleavage of WbbI-MBP

Cleavage of the fusion protein was achieved by the addition of
400 U of Factor Xa to 50 mg of fusion protein during dialysis
against 4 L of 20 mM HEPES, 200 mM NaCl, 5 mM CaCl, for
36 h at 4 °C, with the subsequent re-application of the protein to
the amylose column to effect removal of cleaved maltose binding
protein.

Donor and acceptor substrates

UDP-Galf was prepared as described previously.® Octyl o-D-
glucopyranoside 1 and octyl B-D-glucopyranoside 2 were pur-
chased from Sigma-Aldrich. Octyl a-D-mannopyranoside 3,
octyl a-D-galactopyranoside 4* and octyl 2-acetamido-2-deoxy-o-
D-glucopyranoside 5% were prepared essentially according to lit-
erature procedures. Authentic octyl B-D-galactofuranosyl-(1— 6)-
a-D-glucopyranoside 6 was prepared as described below.

Octyl 6-O-trityl-a-D-glucopyranoside 7. A solution of octyl a-
glucoside 1 (4.0 g, 14 mmol) and trityl chloride (5.9 g, 21 mmol) in
pyridine (30 mL) was stirred at room temperature for 12 h. Solvent
was then removed in vacuo and the resulting residue was dissolved
in CH,Cl, (50 mL) and washed successively with 1 M HCI (2 x
50 mL), NaHCO; solution (2 x 50 mL) and H,O (50 mL). The
organic extract was dried (Na,SO,) and concentrated to a syrup.
Purification of the crude product on silica gel column using EtOAc
afforded trityl ether 7 (6.4 g, 87%) as a light yellow gum. [a]3 +131
(¢ 1.0, CHCL;). '"H NMR (CDCl;) d: 7.46-7.21 (15H, ArH), 4.85
(d, 1H, J,, =4.0 Hz, H-1), 3.77-3.67 (m, 2H, H-3, O-CH,), 3.53—
3.42 (m, 3H, H-2, H-4, H-6a), 3.42-3.32 (m, 2H, H-6b, O-CH,),
2.98 (m, 1H, H-5),2.69 (bs, 1H, OH), 2.22 (bd, 2H,2 OH), 1.63 (m,
2H, O-CH,-CH,), 1.34 (m, 10H, octyl-CH,), 0.93 (t, 3H, octyl-
CH;). "CNMR (CDCl;) 6: 143.8, 128.7, 128.0, 127.2 (ArC), 97.9
(C-1),87.0,74.9,72.3,71.7,70.0, 68.3, 63.9 (C-6), 31.7, 29.4,29.3,
29.1, 26.1, 22.5, 14.0. HRMS [M + NH,]* calcd. for C;;H,OsN
552.3325, found 552.3321.

Octyl 2,3,4-tri-O-benzyl-a-D-glucopyranoside 9. To a solution
of trityl ether 7 (4.0 g, 7.5 mmol) in DMF (30 mL), was added NaH
(810 mg, 50% suspension in mineral oil) followed by BnBr (3.2 mL,
27 mmol) and the mixture was stirred at room temperature for 8 h.
Excess NaH was destroyed by careful addition of MeOH and
solvent was removed in vacuo. The resulting residue was dissolved
in CH,Cl, (70 mL) and washed with H,O (3 x 70 mL); the organic
extract was dried (Na,SO,) and concentrated to a syrup. The
crude product was purified on a silica gel column using EtOAc—
n-hexane (1 : 5) to give octyl 2,3,4-tri-O-benzyl-6-O-trityl-o-D-
glucopyranoside 8 (5.4 g, 89%) as light yellow oil. An aqueous
solution of TFA (90% v/v, 10 mL) was added to a solution of
compound 8 (5.0 g, 6.2 mmol) in CH,Cl, (30 mL) and the mixture
was stirred at room temperature for 30 min. The reaction mixture

3948 | Org. Biomol. Chem., 2006, 4, 3945-3950

This journal is © The Royal Society of Chemistry 2006





was diluted with CH,Cl, (20 mL) and washed successively with
H,0 (50 mL), aqueous NaHCO; solution (2 x 50 mL) and brine
(50mL). The organic extract was dried (Na,SO,) and concentrated
to a syrup. The crude product was purified on a silica gel column
using EtOAc-n-hexane (1 : 3) to give compound 9 (2.9 g, 82%) as
a foam. [a]% +103 (¢ 1.2, CHCL;). '"H NMR (CDCl,) d: 7.39-7.26
(m, 15H, ArH), 5.04-4.65 (6d, 6H, J,; = 10.8 Hz, 3CH,Ph), 4.71
(d, 1H, J,, = 3.6 Hz, H-1), 4.04 (t, IH, J,5 = J;, = 9.3 Hz, H-
3), 3.80-3.66 (m, 4H, H-5, H-6a, H-6b, OCH,), 3.64 (t, 1H, J,,
J,s = 10.2 Hz, H-4), 3.51 (dd, 1H, J,,, J,3, H-2), 3.42 (m, 1H,
OCH,), 2.28 (bs, 1H, OH), 1.61 (m, 2H, O-CH,~CH,), 1.33 (m,
10H, octyl-CH,), 0.92 (t, 3H, octyl-CH;). *C NMR (CDCl,) ¢:
138.9, 138.4, 138.2, 128.6, 128.5, 128.4, 128.2, 128.0, 127.9, 127.8,
127.6 (ArC), 96.8 (C-1), 81.9, 80.2, 75.6,75.0, 73.1, 70.6, 68.2, 61.9
(C-6), 31.7, 29.3, 29.1, 26.1, 22.5 (2), 14.0. HRMS [M + NH,]*
calcd. for C;sHs,OgN 580.3638, found 580.3635.

Octyl 2,3,5,6-tetra-O-acetyl-f-p-galactofuranosyl-(1— 6)-2,3,4-
tri-O-benzyl-a-D-glucopyranoside 11. A mixture of primary al-
cohol 9 (2.0 g, 3.6 mmol), galactofuranosyl phenylselenide 10%
(2.3 g, 4.6 mmol) and 4 A molecular sieves (3 g) in CH,CL, (30
mL) was stirred under nitrogen for 2 h. After cooling to 0 °C, NIS
(1.4 g, 6 mmol) was added followed by TfOH (53 pL, 0.6 mmol)
and the mixture was stirred at 0 °C for 45 min. After complete
consumption of the starting material, the mixture was diluted with
CH,Cl, (20 mL), filtered through Celite and washed successively
with aqueous Na,S,0; solution (2 x 50 mL), NaHCO; solution
(2 x 50 mL) and brine (50 mL). The organic extract was dried
(Na,S0O,) and concentrated to a syrup. The crude product was
purified on a silica gel column using EtOAc-n-hexane (1 : 3) to
give pure compound 7 (2.5 g, 78%) as a foam. [a]5 +78 (c 0.9,
CHCL). '"H NMR (CDCl,) ¢: 7.39-7.25 (m, 15H, ArH), 5.39 (m,
1H, H-5),5.09 (d, IH, Jy y =2.1 Hz, H-2"), 5.04 (s, 1H, H-1"), 5.01
(dd, 1H, Jy v, Jy 4 = 6.0 Hz, H-3'), 5.05-4.59 (6H, J,3 = 11.2 Hz,
3CH,Ph), 4.75 (d, 1H, J,, = 3.6 Hz, H-1), 4.33 (dd, 1H, Jy ¢ =
4.2 Hz, Jov v = 12.0 Hz, H-62'), 4.28 (m, 1H, H-5), 4.21 (dd,
1H, Jy o = 7.5 Hz, Jy gy, H-6D"), 4.02 (t, 1H, J,3, J5, = 9.0 Hz,
H-3),3.86 (m, 1H, H-6a), 3.80 (dd, 1H, Jy» = 9.9 Hz, Jy ¢, H-4),
3.69-3.63 (m, 2H, H-6b, OCH,), 3.58 (t, 1H, J;,4, H-4), 3.55-3.49
(m, 2H, H-2, H-5), 3.41 (m, 1H, OCH,), 2.13, 2.06, 2.04, 2.03 (4s,
12H, 4 COCH,), 1.64 (m, 2H, O-CH,-CH,), 1.28 (m, 10H, octyl-
CH,), 0.94 (t, 3H, octyl-CH;). "C NMR (CDCl;) 6: 170.5, 170.0,
169.9, 169.4 (4 COCH,), 138.8, 138.3 (2), 128.4, 128.3 (2), 127.9,
127.8, 127.7, 127.6, 127.5 (ArC), 105.7 (C-1"), 96.5 (C-1), 81.9,
81.0, 80.0, 79.5, 77.6, 76.2, 75.5, 74.9, 72.8, 69.7, 69.0, 68.0, 66.3,
62.6 (C-6), 31.6, 29.2, 29.1, 29.0, 26.0, 22.4, 20.5, 20.4, 20.3 (2),
13.8. HRMS [M + NH,]* calcd. for C,xHOsN 910.4583, found
910.4586.

Octyl 2,3,5,6-tetra-O-acetyl-p-np-galactofuranosyl-(1— 6)-a-D-
glucopyranoside 12. To a solution of protected disaccharide
11 (2.0 g, 2.2 mmol) in EtOH (25 mL) was added 10% Pd/C
(70 mg); the mixture was stirred at room temperature under a
positive hydrogen pressure for 48 h. After filtration through Celite,
the filtrate was evaporated and dried under vacuum. Column
chromatography of the crude product with EtOAc as eluent
afforded partially esterified disaccharide 12 (1.2 g, 85%) as a foam.
[a]s +48 (¢ 1.1, MeOH). '"H NMR (CD,0D) d: 5.36 (m, 1H, H-5'),
5.14 (s, 1H, H-1"), 5.03 (d, 1H, Jyy = 1.8 Hz, H-2), 4.98 (dd, 1H,
Jyy, Jyy = 5.7 Hz, H-3), 4.76 (d, 1H, J,, = 3.6 Hz, H-1), 4.32

(dd, 1H, Jy o = 4.2 Hz, Joy oy = 12.0 Hz, H-6a'), 4.32 (t, 1H, Jy 4,
Jys=57Hz, H-4),4.19(dd, 1H, Jy oy = 7.2 Hz, Joy ¢y = 12.0 Hz,
H-6b), 3.93 (bd, 1H, H-6a), 3.74-3.60 (m, 2H, H-6b, OCH.,), 3.45
(t, 1H, J,5, J54 = 5.7 Hz, H-3), 3.43 (m, 1H, OCH,), 3.38 (dd, 1H,
J1as Jos, H-2), 3.34-3.25 (m, 2H, H-4, H-5), 2.09, 2.08, 2.06, 2.02
(4s, 12H, 4 COCH,), 1.63 (m, 2H, O-CH, CH,), 1.38 (m, 10H,
octyl-CH.), 0.96 (t, 3H, octyl-CH,). *C NMR (CD,0D)J: 172.4,
172.0, 171.8, 171.4 (4 COCH,), 107.1 (C-1’), 100.0 (C-1), 82.5,
81.4, 78.0, 75.0, 73.4, 72.7, 71.8, 70.8, 69.2, 67.7, 63.8, 32.9, 30.5,
30.4,30.3,27.2, 23.6, 20.7, 20.6 (2), 20.5 (4 COCH,), 14.4. HRMS
[M + NH,]* caled. for CoHy,O,sN 640.3175, found 640.3181.

Octyl p-p-galactofuranosyl-(1— 6)-a-D-glucopyranoside 6. To
a solution of partially acetylated disaccharide 8 (1.0 g, 1.6 mmol)
in MeOH (20 mL) was added methanolic NaOMe (2 mL, 0.5 M);
the mixture was stirred at room temperature for 2 h. After
neutralization with Dowex 50 W x 8 (H*) resin, the mixture was
filtered through Celite and the filtrate was evaporated to afford
octyl disaccharide 9 (730 mg, quantitative) as a white powder. [a]
+43 (¢ 1.0, MeOH). 'H NMR (CD,0D) ¢: 4.88 (d, 1H, J,y =
1.2 Hz, H-1"), 4.75 (d, 1H, J,, = 3.6 Hz, H-1), 1.61 (m, 2H, O-
CH,-CH,), 1.29 (m, 10H, octyl-CH), 0.95 (t, 3H, octyl-CH;). *C
NMR (CD;0D)d: 111.8 (C-1), 100.5 (C-1), 88.0, 82.1, 80.7, 75.3,
73.6,73.1,72.4,72.2, 69.5, 67.9, 65.0, 33.0, 30.6, 30.5, 30.4, 27.3,
23.7, 14.4. HRMS [M + NH,]* caled. for C, H,, O, N 472.2752,
found 472.2754.

Measurement of enzyme activity

Assay mixtures contained 50 mM MOPS, 2 mM magnesium
chloride, 5 mM sodium dithionite pH 7.5, in addition to 10 mM
acceptor and 10 mM UDP-galactopyranose. Reactions were
initiated by the addition of 50 uM UDP-galactopyranose mutase®
and 125 uM galactofuranosyltransferase fusion protein in a total
volume of 100 pL and were maintained at 37 °C. Reactions were
terminated with 50 pL ethanol, followed by centrifugation at
10000 rpm for 5 min. Reactions were monitored by TLC using
glass-backed 10 cm by 10 cm, 250 um, 60 A K6F silica gel TLC
plates run in CHCL;—CH;OH-H,O (65 : 25 : 4.1) using a variation
of aliterature method.?® Compounds were detected with an orcinol
solution (20 mg of orcinol dissolved in 10 mL of 70% sulfuric acid)
by heating at 100 °C. Spots containing sugars appeared pink-violet
on a white background. The detection limit was ca. 0.5 nmol (ca. 1
ug) of total sugar per spot. Octyl glycoside turnover was estimated
using a densitometer (SynGene Gel Analysis and Documentation
System).

Product purification and analysis

Octyl glycoside (ca. 8 mg, 27 pmol) and UDP galactopyranose
(40 mg, 65 pmol) were dissolved in buffer (20 mL, 50 mM TRIS,
10 mM sodium dithionate and 2 mM MgCl,, pH 8.0). Purified
recombinant Klebsiella pneumoniae UDP-galactopyranose mutase
(4 mg, 93 nmol)*® and purified UDP-galactofuranosyltransferase
fusion protein (10 mg, 125 nmol) was added, the solution was
flushed with nitrogen and the reaction was stirred at 30 °C
for 16 h. The reaction mixture was passed through an Amicon
YMIO spin filter (13000 rpm, 4 °C). A proportion of the flow
through was applied to a C18 Phenomenex Luna 5 p column
(4.6 mm x 250 mm) and eluted with a gradient from 0.5% to
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99.5% acetonitrile in water over 25 column volumes at a flow rate
of 1 mL min~'. UDP galactopyranose eluted at the beginning of
the gradient, whilst octyl disaccharide typically eluted at ca. 50%
acetonitrile. Relevant samples were combined and concentrated in
vacuo to give the required compounds, which were subjected to
NMR and mass spectrometry analysis (Table 1).
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The crystal structure of the homodimer formed by the tritolylurea 3a proves the existence of a belt of
six bifurcated hydrogen bonds between both NH and the O=C groups of the adjacent urea residues.
For the tritosylurea 3b, four additional three-center hydrogen bonds, also involving the SO, oxygen, are
found in the crystalline state. Molecular dynamics simulations in a chloroform box confirm these
patterns of the hydrogen bonds and the resulting elongation of the dimer 3b-3b in comparison to 3a-3a.
The calculated complexation energies for the three dimeric combinations are nearly identical in
agreement with the simultaneous formation of heterodimer 3a-3b in a mixture of 3a and 3b.

Introduction

The key factor for the dimerisation of calix[4]arene derivatives
1, substituted at their wide rim by four urea functions, is the
formation of a belt of intermolecular hydrogen bonds between
their urea functions.! The structure of these dimeric capsules,
initially deduced from their "H NMR spectra,> was confirmed
for the solid state by several X-ray structures.* This dimerisa-
tion is not only interesting for the inclusion of guests.* It has
been used also to build up larger polymeric structures via self-
assembly processes.® In this regard, it is of great importance that
tetraaryl (1a) and tetraarylsulfonylurea derivatives (1b) combine
exclusively to heterodimers in a stoichiometric mixture, although
both form homodimers when dissolved alone.® This serendipitous
observation was the basis for the construction of alternating (~A-—
AB-BA-A~) or directional (~A-BA-BA-B~) polymers from
“monomeric” bis-tetraurea units (A—A/B-B or A-B), in which
two calix[4]arenes are covalently linked via their narrow rim.”
It also enabled the construction of well-defined structures with
three” or four® dimeric/capsular substructures, as well as the self-
assembly of structurally uniform dendrimers® with molar masses
up to 25 000. Tetraarylsulfonylureas 1b have been successfully used
also as template in the synthesis of bis- or tetraloop tetraureas
by metathesis,'® since four or eight alkenyl groups attached to a
tetraarylurea 1 are perfectly prearranged for their intramolecular
connection within its heterodimer with a tetratosylurea 1b.

In spite of its frequent use, the reason for this pronounced
selectivity, which is not found for alkyl as opposed to arylureas,
is not exactly known. A favorable combination of the increased
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acidity of —-SO,—NH- and the basicity of the urea carbonyl group
has been tentatively suggested, but the different geometry of
the two urea groups seems to be also important. The two X-
ray structures reported for tosylureas reveal that the O=S=0
oxygen can also act as a hydrogen bond acceptor.!! Numerous
attempts to obtain single crystals of a homodimer 1b-1b or
even of a heterodimer la-1b failed so far. Recently, we could
show'>"® that triarylurea derivatives of triphenylmethanes 2a form
hydrogen bonded dimers, as well as their tosylurea counterparts
2b. Heterodimers 2a-2b are also observed in this case, though not
exclusively.

Ak Alk Csha
(o] e} 0]
{ CH H,C CH
NH g MNH 3 NH /3
0=C 0o=C 0=C
\ AY A\
ITIH IIIH IIIH
R R R
1a-c 2ab 3a-c
Ve NS e WS
- 3 1] 3 1
[e] o

a b c

We were able, however, to obtain single crystals from homo-
dimers of a similar triurea 3a-3a and 3b-3b, which are described
subsequently, and discussed together with MD-simulations on
these systems. The dimerisation studies were extended also to
further triureas of type 3.

Results and discussion
Synthesis and dimerisation

Triurea derivatives 3a—c were prepared as usual by reaction of the
corresponding triamine'* with the respective isocyanates.

In contrast to the analogous calix[4]arenes, the 1 : 1 mixture of 3a
and 3b did not lead to the exclusive formation of the heterodimer
3a-3b in apolar solvents (chloroform, dichloromethane, tetra-
chloroethane, benzene), but to a mixture of the two homodimers
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and the heterodimer in a (nearly statistical) ratio 1 : 1 : 1 (Fig. 1).
See the ESI for full NMR data.t
L a
b
Ll
_NA LS 'L_JL\—JL

;L.'J___J“u ﬂu“‘H ko

Fig. 1 Sections of the "H NMR spectra (400 MHz, CDCI;) of 3a (a), 3b
(b) and of their stoichiometric mixture (c). The signals for the heterodimer
are shown in green.

T
9.0

The phosphorylurea derivative 3¢ was synthesized to complete
the picture, since the corresponding tetraurea 1¢ formed exlusively
heterodimers 1a-lc, although neither homodimers 1c-1¢ nor
heterodimers 1b-1¢ were observed. In the case of the triureas,
however, no dimerisation at all was found for 3c.

No heterodimerisation was observed for the 3,5-m-substituted
derivatives 3d,e, even not with a tenfold excess of the tritosylurea
3b, although homodimers are readily and quantitatively formed.
This makes the initially-intended synthesis of multi-macrocycles
via intramolecular olefin metathesis of 3e impossible, which it was
easily performed in the case of tetraurea calix[4]arenes.

Crystal structures

Single crystals of 3a and 3b were obtained by slow diffusion of
hexane into a solution in chloroform.§ Although the space group
is different (C2/c¢ for 3a, P1- for 3b), both form similar hydrogen
bonded dimers in which the two molecules are related by a centre
of symmetry (Fig. 2).

The shape of the triphenyl methane skeleton shows stronger
deviations from a threefold symmetry for 3b than for 3a, as
revealed by stronger deviations from a regular triangle for the
phenolic oxygens and the methyl carbons. This is compensated
by stronger differences between the dihedral angles of the three
phenyl rings, and the triangle of the nitrogen atoms attached to
trityl is (necessarily) close to “regular” (compare Table 1).

Both dimers are held together by a closed belt of intermolecular
hydrogen bonds between the (sulfonyl)urea of the opposite
molecules (Fig. 2). For 3a, bifurcated hydrogen bonds between
C=0 as acceptor and both NH as donor are found, like in dimers
of tetraurea calix[4]arenes. However, in contrast to the calixarenes,
the hydrogen bond formed by the tolyl-NH is weaker, as evidenced
by a longer NH---O and N---O distance. The angle between

§ CCDC reference numbers 614133-614134. For crystallographic data in
CIF format see DOI: 10.1039/b609707¢
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Fig. 2 Molecular conformation of dimers 3a-3a (top) and 3b-3b (bottom), seen from the side (a) and from the top (b) and schematic description of the
hydrogen bonding systems (c) (distances NH - - - O=C and NH - - - O=S in A). Hydrogen atoms and pentyl substituents are omitted for clarity. Top views

are obtained from the side views by 90° rotation around a horizontal axis.
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Table 1 Selected geometrical parameters for the molecules 3a and 3b

Parameter

3a

3b

Angles in the triangles of, (deg)
Phenyl oxygens
Methyl carbons attached to trityl
Nitrogens attached to trityl
Nitrogens attached to tolyl or tosyl
Interplanar angles of, (deg)*
{Aryl}/{Aryl}
{Aryl}/attached {Urea}
{Urea}/H-bonded {Urea}'
Distances between planes, (;4)
Carbons substituted by urea
Nitrogens attached to trityl
Urea oxygens

62.98, 57.24, 59.79
61.05, 57.32, 61.63
58.47, 58.96, 62.56
59.27,59.48, 61.24

82.13, 78.40, 78.31
49.85, 51.00, 56.51
80.10, 70.39, 77.92

4.095
1.651
—0.036
—2.452

60.28, 66.53, 53.18
60.81, 64.17, 55.01
58.93, 61.88, 59.19
61.15, 60.95, 57.91

78.57, 88.85, 77.08
53.80, 50.13, 61.66
72.65, 78.88, 63.07

4.934
2.490
0.573
—1.777

Nitrogens attached to tolyl or tosyl

“{Aryl}—best planes through the carbons of the trityl phenyl rings; { Urea}—Dbest planes through N-CO-N groups.

hydrogen bonded urea groups (best plane through two N, C and O)
is in the range of 70-80° for 3a while it was 84° for a dimer of a
tetraurea calix[4]arene (1a with Y = CH,COOEt).> A stronger
difference is found for the angles between aromatic planes of the
trityl skeleton and the urea attached to it. They are 8-9° for 1a
and 50-57° for 3a.

For 3b the situation is slightly more complex. All C=0 groups
are acceptors for such bifurcated hydrogen bonds, and in two cases
(OS5, 06) the more acidic tosyl-NH forms the stronger hydrogen
bond according to the shorter distance, while for O4 the trityl-
NH is the stronger bound. In the former two cases the trityl-NH
is involved in three-centered hydrogen bonds involving also the
oxygen (09, O12) of the adjacent SO, group as acceptor. The
sulfonyl group of S1 is not involved in hydrogen bonding (Fig. 2).
This is expressed already by a torsion angle SI-N2-C9-04 = —33°
(compared to —11 and 2° for the two other groups), which turns
it away from the corresponding urea function. Similar to 3a the
angles between hydrogen bonded urea groups are 63-79° for 3b
and those between urea and aryl planes 50-62°.

The difference in the hydrogen bonding, involving also the SO,-
groups in 3b, leads to a significant elongation of the dimer. The
distance between the methin carbon atomsis 8.13 A in 3a vs9.03 A
in 3b. Similarly the enlargement can be expressed by the distance
between various reference planes (carbons substituted by urea,
urea nitrogens (N1, N3, N5 and N2, N4, N6) or oxygens (04, OS5,
06), see Table 1.

Molecular dynamics simulations

MD simulations using the Amber7 program were performed for
the homodimers 3a-3a and 3b-3b as well as for the heterodimer

3a-3b in a box of chloroform molecules. In all starting structures
the monomers were arranged to form a bifurcated hydrogen bond-
ing pattern involving only the urea groups. This structure persisted
on the MD timescale for 3a-3a. The dimers with tosyl units
rearranged to form hydrogen bonding patterns different from the
starting one during the first nanoseconds of the simulation.

In principle, 12 bifurcated hydrogen bonds could be formed in
3a-3a, 18 in 3b-3b (bifurcated, three centered) and 15 in 3a-3b
(compare Scheme 1). Averaging over the simulation time revealed
that 8.7, 12.1 and 9.8 hydrogen bonds were present in 3a-3a, 3b-3b
and 3a-3b, respectively, albeit with different strengths and different
occupancies (cf., Table 2). Like in the crystal, in the homodimer
3a-3a the trityl-NH formed stronger hydrogen bonds than the NH
attached to the tolyl rings. Generally, the structure averaged over
the 9 ns MD simulations very closely resembles the X-ray structure
(rms deviation of the heavy atoms of the trityl units and the urea
functions 0.25 A).

In contrast, the homodimer 3b-3b was characterized by a strong
hydrogen bond between the tosyl-NH and the carbonyl oxygen of
the adjacent urea group (day...o = 2.01 A) which is present in 87%
of the snapshots. Weaker hydrogen bonds were formed between
the trityl-NH and the C=0 and S=O groups which in turn were
also less frequently detected during the simulations (55 and 57%
of all snapshots, respectively). This observed hydrogen bonding
pattern (schematically shown in Scheme 1) is commensurate with
the overall picture provided by the X-ray structure of 3b-3b
(superposition of the heavy atoms of the trityl residues and the
urea functions of the X-ray structure and the average MD structure
yielded a rms deviation of 0.29 A). The involvement of the tosyl-
NH protons in the strongest hydrogen bond and the formation of a
NH - - - O=S hydrogen bond are the reasons for the enlargement of

Tol Tol Pl Trit
i i Ti
| Trllt | Tol—$=0 Tr|'t 0=S—Tol Tzlal | Tc|>l
HN HN [
.-HN HN N H HN AN HN
0* fo) : >=O" . 0
N >:O"~HN >:O'~ >:0 >:O"~HN >:O
h HN | HN HN ThN HN | L.HN
Trit I Trit I Tol—s=zo" _I | Tol—s=0"" |
Tol e 0RO rit i Trit
0 0
3a-3a 3b- 3b 3a-3b

Scheme 1

Hydrogen bonding pattern of the dimers observed in the MD simulations. Strong hydrogen bonds are labelled by thick dashed lines.
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Table 2 Average geometric parameters obtained from the MD simula-
tions (all distances in A)

Parameter 3a-3a 3b-3b 3a-3b
General
Number of H-bonds* 8.7 12.1 9.8
de..b 8.05+0.28 9.25+0.26 9.46 +0.33
Fayr© 4.59 +0.07 4.50 4+ 0.07 4.43 +0.08
0...0" 422 4+0.24 4.18 £0.22 4.154+0.25
dco...co® 447 +0.21 4.39 +£0.21 4.11+£0.25
4.60 +0.15
Trityl NH - . . O=C
dnu...o 1.98 +£0.21 2.48 +0.50 1.97 +£0.18¢
3.30 £ 0.67"
Observed” 88% 55% 96%# /10%"
Tol or Tos NH - . - O=C
dyi...o 2.41 +£0.35 2.01 £0.24 2.05£0.19¢
2.46 + 0.40"
Observed 57% 87% 90%¢# /30%"
Trityl NH - - . O=S
dwn...o 2.39+£0.42 2.11 £0.68
Observed 57% 75%
Tol NH - .. O=S
dnu...o 3.81 +£0.57 3.10+0.93
Observed 3% 25%

“ Number of I—[-bonds between the monomeric units, distance and angle
criterion 2.75 A and 135°, respectively. ® Distance of the methine carbon
atoms. °Radius of gyration of the carbonyl groups. ¢ Intramolecular
distance of the ether oxygen atoms. ¢ Intermolecular distance of adjacent
carbonyl carbon atoms./ Percentage of the snapshots in which this H-bond
was observed. ¢ Tritosylurea. * Tritolylurea.

the dimer along the axis defined by the two methine carbons (the
S, axis) by more than 1 A compared to the dimer 3a-3a (Table 2).

In the heterodimer 3a-3b the tosylureas formed strong bifur-
cated hydrogen bonds (dwu..o = 1.98/2.05 A, occupancy 96
and 90%, respectively). In contrast to 3b-3b, the O=S group
is also involved in a strong hydrogen bond (dyy...o = 2.11 A,
occupancy 75%) to the trityl-NH while the tolyl-NH formed
weaker hydrogen bonds to O=C (Scheme 1). In 25% of all
snapshots even a hydrogen bond is formed between the tolyl-
NH and O=S (not shown in Scheme 1). As a consequence of this
hydrogen bonding pattern the dimer 3a-3b exhibits an even larger
extension along the S; axis as 3b-3b (Table 2).

It is interesting to note that the dimers 3a-3a and 3a-3b
experience an additional stabilization by intermolecular CH - - - &
contacts between the methyl groups attached to the trityl residues
and the adjacent tolyl rings (average distances between the methyl
carbon and the centroid of the aromatic ring 3.94 and 4.58 A,
respectively)'® while this arrangement is not possible for the tosyl
residues due to their bent structure.

Table 3 Average energy components® for the dimers of 3a and 3b

Judging from the number and strengths of hydrogen bonds
per monomeric unit the formation of the heterodimer should
be slightly favoured over the two homodimers (AE; =
—236.0 kcal mol™' vs —228.3 kcal mol™', ¢f. Table 3). However,
the monomeric units are slightly more strained in 3a-3b and the
difference of the complexation energies (AE. = —93.4 kcal mol™!
vs —92.7 kcal mol™') is insignificant. This is in agreement with
the simultaneous formation of homo- and heterodimers from a
mixture of 3a and 3b.

Conclusions

Like the tetratolylurea calix[4]arene dimers 1a-1a the tritolylurea
dimers 3a-3a are held together by bifurcated hydrogen bonds
between NH- and O=C-groups. However, the crystal structure of
3a-3a reveals small geometrical differences (distances, interplanar
angles aryl-urea and urea—urea). The crystal structure of 3b-3b
proves that three-center hydrogen bonds involving the SO,-groups
are additionally formed in the tritosylurea dimers. Molecular
dynamics simulations for both dimers are in close agreement with
these results, predicting also correctly the elongation of the dimer,
due to the different hydrogen bonding pattern. They do not suggest
significant differences for the complexation energies of the three
possible dimeric combinations 3a-3a, 3a-3b and 3b-3b which again
is in agreement with the simultaneous observation of homo- and
heterodimers.

It is reasonable to assume that analogous patterns with a
combination of bifurcated and three center hydrogen bonds are
present in tetraurea dimers involving the tetratosylurea 1b. Due
to geometrical differences between the calix[4]arene and the trityl
skeleton they may lead to an energy gain for the heterodimer
la-1b which then would explain its exclusive formation in a
stoichiometric mixture of 1a and 1b.

Experimental
Synthesis of compounds

Melting points are uncorrected. 'H, *C and *'P nuclear magnetic
resonance spectra were recorded on a Bruker Avance DRX 400
spectrometer at 400, 100.6 and 162 MHz, respectively. Chemical
shifts were reported in d units (ppm) with reference to the residual
solvent peaks, and J values are given in Hz. Decoupling and
DEPT experiments confirmed the assignments of the signals. ESI
mass spectra were recorded on a Waters/Micromass QTof Ultima
3 mass spectrometer. All solvents were HPLC grade and used
without further purification. The isocyanates were purchased from
Aldrich or Acros.

Dimer E, E, AE; AE, AE,

3a-3a —1455+7.3 —1454+17.3 -948+34 —385.6 +10.6 —41.5+9.3
3b-3b —419.6 + 8.3 —419.3+8.4 —133.5+7.6 —-972.54+10.5 —-51.2+94
3a-3b —1445+1723 4174+ 84 —118.0 £ 6.2 —679.9 £ 11.1 —46.7 + 8.0

“E,, E,: energies of the two monomeric units within the assembly, the energies of the free monomeric units are E;, = 151.3 + 7.6 kcal mol™', Ey, =
435.1 + 7.9 kcal mol™'; E;: interaction energy between the two monomeric units; E: steric energy of the assembly = E, + E, + E;; E.: complexation

energy per monomeric unit = 0.5 X (E—F| jee—FE frec)-
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Tris(2-pentoxy-3-methyl-5-p-tolylureidophenyl)methane  (3a).
Tolyl isocyanate (0.4 g, 3.05 mmol) was added to the solution
of tris(2-pentoxy-3-methyl-5-aminophenyl)methane™ (0.3 g,
0.51 mmol) in methylene chloride (10 mL). The reaction mixture
was diluted with methanol (30 mL) after stirring for 12 h. The
formed precipitate was filtered off and dried on the air to give
compound 3a (0.46 g, 91%) as a white powder. Mp = 290-293 °C
(decomposition); '"H NMR (400 MHz, DMSO-d,), J: 0.87 (9H,
t,J =7 Hz, CH,CH;), 1.27 (12H, m, CH.), 1.59 (6H, m, CH,),
2.20 (9H, s, ArCH5), 2.21 (9H, s, ArCH,;), 3.41 (6H, br s, OCH,),
6.41 (3H, d, *J = 2.3 Hz, ArH), 6.45 (1H, s, Ar;CH), 7.04 (6H,
d,J = 8.2 Hz, ArHy,), 7.26 (6H, d, *J = 8.2 Hz, ArHy,), 7.58
(3H, d, *J = 2.3 Hz, ArH), 8.26 (3H, s, NH), 8.41 (3H, s, NH);
BC{'H} NMR (100.6 MHz, DMSO-dy), J: 13.8 (CH,CH,), 16.4
(ArCH,), 20.2 (ArCH;), 22.1 (CH,), 27.6 (CH,), 29.3 (CH,),
37.2 (Ar;CH), 71.9 (OCH,), 117.2 (CH,,), 118.0 (CHy,), 118.9
(CH,,), 129.0 (CHxyy), 130.4 (Cy,), 130.7 (Cy,), 134.6 (Cy,), 137.0
(Car), 137.3 (Ca), 149.9 (Cy,), 152.3 (C(O)); m/z (ESI) 1011.6
(100%) [M + Na]*, calc. 1012.31.

Dimer 3a-3a. 'H NMR (400 MHz, CDCl,), 6: 0.82 (9H, t,
3] =7Hz, CH,CH,), 0.9-1.2 (12H, m, CH.), 1.35 (6H, m, CH.),
1.77 (9H, s, ArCH), 2.18 (9H, s, ArCH,), 2.29 (3H, m, OCH,),
2.46 3H, m, OCH,), 6.53 3H, d, *J = 2.4 Hz, ArH), 6.63 (1H, s,
Ar,CH), 6.86 (12H, s, ArHy,), 7.09 (3H, s, NH), 7.14 (3H, d,
‘] =2.4Hz, ArH), 8.29 3H, s, NH); *C{'"H} NMR (100.6 MHz,
CDCL,), : 14.1 (CH,CH,), 16.7 (ArCH,), 20.6 (ArCH,), 22.5
(CH,), 28.0 (CH,), 29.4 (CH,), 35.5 (Ar; CH), 71.8 (OCHS,), 120.8
(CHuy), 122.8 (CH,,), 126.2 (CH,,), 129.2 (CHuy), 131.6 (C),
132.3(Cay), 132.5(Cay), 135.5(C), 137.6 (Cay), 152.9 (Ciy), 156.4
(C(O)).

Tris(2-pentoxy-3-methyl-5-p-tolylsulfonylureidophenyl)methane
(3b). Tosyl isocyanate (0.6 g, 3.05 mmol) was added to the
solution of  tris(2-pentoxy-3-methyl-5-aminophenyl)methane
(0.3 g, 0.51 mmol) in methylene chloride (10 mL). The reaction
mixture was diluted with methanol (30 mL) after stirring for 12 h.
The solvents were removed at room temperature under reduced
pressure and the residue was treated with hexane (20 mL). After
removing hexane the rest was treated with methanol (10 ml) and
formed precipitate was filtered off, washed with methanol and
dried on the air to give compound 3b (0.42 g, 70%) as a white
powder. Mp = 243-246 °C (decomposition); 'H NMR (400 MHz,
DMSO-d¢), 4: 0.81 (9H, t, °*J = 7 Hz, CH,CH;), 1.20 (12H,
m, CH,), 1.50 (6H, m, CH,), 2.11 (9H, s, ArCH), 2.38 (9H, s,
ArCHs), 3.29 (6H, br s, OCH,), 6.30 (3H, d, *J = 2.4 Hz, ArH),
6.34 (1H, s, Ar;CH), 7.33 (3H, d, *J = 2.4 Hz, ArH), 7.39 (6H,
d, *J = 8 Hz, ArHy,), 7.81 (6H, d, °*J = 8 Hz, ArHy,), 8.66
(3H, s, NH), 10.21 (3H, br s, NH); *C{'H} NMR (100.6 MHz,
DMSO-dy), 6: 13.8 (CH,CH;), 16.2 (ArCH;), 20.9 (ArCHj;), 22.0
(CH,), 27.5(CH,), 29.2 (CH,), 37.0 (Ar;CH), 71.8 (OCH,), 117.9
(CH,,), 119.5 (CH,,), 127.4 (CHy,), 129.3 (CHy,,), 130.9 (Chy,),
132.9 (Cap), 136.9 (Cap), 137.1 (Ca), 143.7 (Ca,), 148.8 (Ca,),
150.7 (C(0O)); m/z (ESI) 1203.7 (100%) [M + Na]*, 2385.4 (82)
[2M + Nal*, calc. 1204.50.

Dimer 3b-3b. 'H NMR (400 MHz, CDCl,), ¢: 0.84 (9H, t,
3] = 7 Hz, CH,CH,), 1.27 (12H, m, CH.), 1.59 (6H, m, CH,),
2.24 OH, s, ArCH), 2.36 (9H, s, ArCH,), 3.14 3H, d x t, 2] =
9Hz, 3J =6.7Hz, OCH,),3.80 3H,d x t,2J =9 Hz,*J = 6.7 Hz,

OCH.), 6.16 (3H, d, *J = 2 Hz, ArH), 6.78 (1H, s, Ar,CH), 6.88
(3H, d, *J = 2 Hz, ArH), 7.12 (6H, d, *J = 8.2 Hz, ArHy,,), 7.39
(3H, s, NH), 7.61 (6H, d, *J = 8.2 Hz, ArH+,,), 8.87 3H, s, NH);
3C NMR (100.6 MHz, CDCly), d: 14.1 (CH,CH,), 16.8 (ArCH,),
21.6 (ArCH,), 22.7 (CH,), 28.2 (CH,), 29.9 (CH.), 36.5 (Ar,CH),
72.4 (OCH,), 124.2 (CH,,), 127.8 (CH,,), 128.0 (CHy,), 129.0
(Ca), 129.4 (CHy,), 133.3 (Cay), 136.5 (C), 136.9 (Ciy), 144.0
(Cay), 152.9 (Cyy), 154.2 (C(O)).

Tris(2-pentoxy-3-methyl-5-diethoxyphosphorylcarbamoylphenyl)-
methane (3c). Diethoxyphosphinyl isocyanate (0.46 g,
2.54 mmol) was added to the solution of tris(2-pentoxy-3-
methyl-5-aminophenyl)methane (0.25 g, 0.42 mmol) in methylene
chloride (10 mL). The reaction mixture was diluted with methanol
(10 mL) after stirring for 12 h. The solvents were removed at
room temperature under reduced pressure and the residue was
crystallized from methanol (5 mL) at —14 °C. The mother
solution was removed by syringe, diethyl ester (15 mL) was added
to the crystals, them were filtered off, washed with diethyl ester
and dried on the air to give compound 3c (0.265 g, 55%) as a
white powder. Mp = 211-213 °C (decomposition); '"H NMR
(400 MHz, DMSO-dy), J: 0.86 (9H, t, °J = 7 Hz, CH,CH,;), 1.24
(30H, m, CH, and POCH,CH), 1.56 (6H, m, CH,), 2.18 (9H, s,
ArCHs), 3.37 (6H, br s, ArOCH,), 4.03 (6H, m, POCH,), 6.39
(3H,d,*J =2.6 Hz, ArH), 6.43 (1H, s, Ar,CH), 7.43 (3H, d,*J =
2.6 Hz, ArH), 7.84 (3H, d, *Jpy = 8.6 Hz, PNH), 8.63 (3H, s,
ArNH); “C{'H} NMR (100.6 MHz, DMSO-dy), J: 13.8 (s,
CH,CH,), 15.9 (d, *Jec = 6.8 Hz, POCH,CH,), 16.3 (s, ArCHj),
22.0 (s, CH,), 27.6 (s, CH,), 29.3 (s, CH,), 37.1 (s, Ar;CH), 62.8
(d, *Jpc = 5.4 Hz, POCH,CH,), 71.9 (s, OCH,), 117.6 (s, CH,,),
119.3 (s, CHy,), 131.0 (s, Ca,), 133.6 (s, Ca,), 137.2 (s, Ca,), 150.5
(s, Car), 151.3 (d, *Joc = 2.7 Hz, C(0)); *'P{'"H} NMR (162 MHz,
DMSO-dy), : —0.51 (s). Only broad signals were observed in the
"H spectrum in CDCl; and CD,Cl,. m/z (ESI) 1127.6 (4%) [M]",
1149.5 (100%) [M + NaJ*, calc. 1127.21.

Tris(2-pentoxy-3-methyl-5-(3,5-dichlorophenyl)ureidophenyl)-
methane (3d). was synthesized as described for 3a, yield is 85%,
white powder. Mp = 293-295 °C (decomposition); 'H NMR
(400 MHz, DMSO-dy), d: 0.86 (9H, t, °J = 7 Hz, CH,CH;), 1.26
(12H, m, CH,), 1.58 (6H, m, CH,), 2.20 (9H, s, ArCH,), 3.40
(6H, br s, OCH,), 6.46 (1H, s, Ar,CH), 6.47 3H, d, *J = 2.4 Hz,
ArH), 7.11 (3H, m, ArqH), 7.46 (6H, d, *J = 1.6 Hz, ArqH),
7.54 (3H, d, *J = 2.4 Hz, ArH), 8.68 (3H, s, NH), 8.73 (3H, s,
NH); *C{'"H} NMR (100.6 MHz, DMSO-dy), ¢: 13.8 (CH,CHs),
16.3 (ArCHs;), 22.1 (CH,), 27.6 (CH,), 29.3 (CH,), 37.2 (Ar;CH),
71.9 (OCH,), 116.0 (CH,,), 117.8 (CH,,), 119.4 (CH,,), 120.6
(CHy,), 130.9 (Cay), 133.9 (Car), 134.0 (Ca,), 137.3 (Cy,), 142.1
(Cap), 150.3 (Ca,), 151.9 (C(O)); m/z (ESI) 1153.6 (24%) [M]*,
1175.5 (100) [M + NaJ*, 2308.1 (6) [2M]", calc. 1153.91.

Dimer 3d-3d. 'H NMR (400 MHz, CDCl,), 6: 0.84 (9H, t,
3J = 7 Hz, CH,CH,), 0.95-1.25 (12H, m, CH.), 1.42 (6H, m,
CH.,), 1.94 (9H, s, ArCH.), 2.38 (3H, m, OCH.), 2.61 (3H, m,
OCH.), 6.51 3H, d, *J = 2.3 Hz, ArH), 6.72 (1H, s, Ar;CH),
6.92 (3H, m, ArqH), 6.96 (6H, d, *J = 2 Hz, Arq H), 7.06 (3H, s,
NH), 7.15 (3H, d, *J = 2.3 Hz, ArH), 8.28 (3H, s, NH); "C{'H}
NMR (100.6 MHz, CDCl,),8: 14.1 (CH,CH,), 16.8 (ArCH,), 22.6
(CH.), 27.9 (CH,), 29.5 (CH.), 35.2 (Ar;CH), 72.2 (OCH,), 118.1
(CH,,), 122.6 (CH,,), 123.1 (CH,,), 126.3 (CH,,), 130.8 (Cy,).
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133.2(C), 135.1 (Cay), 137.7(Car), 139.9 (Ci), 153.7(Ciy), 155.6
(C(0)).

Tris(2-pentoxy-3-methyl-5-(3,5-dihex-5-enyloxyphenyl)ureido-
phenyl)methane (3e). A solution of 3,5-di(hex-5-enyloxy)benzoic
acid (1.34 g, 4.21 mmol), DPPA (1.18 g, 0.93 ml, 4.28 mmol) and
Et;N (0.43 g, 0.6 ml, 4.28 mmol) in toluene (90 mL) was stirred at
70 °C for 6 h under nitrogen atmosphere. After that tris(2-pentoxy-
3-methyl-5-aminophenyl)methane (0.41 g, 0.70 mmol) was added
to the solution and stirring was continued during 11 h at the
same conditions. Then the solvent was removed under reduced
pressure, hexane (100 mL) was added to the residue (oil) and it was
left in an ultrasonic bath for 15 min. Then hexane was decanted
and the crude product was crystallized from Et,0O-methanol to
give 3e (0.87 g, 81%) as a white powder. Mp = 246-248 °C
(decomposition); "H NMR (400 MHz, DMSO-dy), 6: 0.87 (9H, t,
3J =7 Hz, CH,CH;), 1.28 (12H, m, CH,), 1.46 (12H, m, CH,),
1.63 (18H, m, CH,), 2.05 (12H, d x t, *J = 7 Hz, *J = 7 Hz,
CH,CH=CH,), 2.20 (9H, s, ArCH), 3.41 (6H, br s, OCH,), 3.87
(12H, t, °J = 6.6 Hz, OCH,), 4.97 (12H, m, CH=CH,), 5.80
(6H, m, CH=CH,), 6.07 (3H, br s, p-Aror H), 6.42 3H, d, *J =
2 Hz, ArH), 6.45 (1H, s, Ar;CH), 6.57 (6H, d, *J = 1.8 Hz, o-
ArorH), 7.56 (3H, d, *J = 2 Hz, ArH), 8.32 (3H, s, NH), 8.44
(3H, s, NH); "C{'H} NMR (100.6 MHz, DMSO-dy), J: 13.8
(CH,CH,;), 16.3 (ArCH,;), 22.1 (CH,), 24.6 (CH,), 27.6 (CH,),
28.0 (CH,), 29.3 (CH,), 32.7 (CH,), 37.2 (Ar;CH), 67.0 (OCH,),
71.9 (OCH,), 94.5 (CH,,), 96.7 (CH,,), 114.7 (CH=CH,), 117.4
(CH,,), 118.9 (CHy,), 130.8 (Ca,), 134.4 (Ca,), 137.2 (Cy,), 138.4
(CH=CH,), 141.2 (Cy,,), 149.9 (Cy,), 152.1 (C(O)), 159.8 (Cy,);
m/z (ESI) 1537.3 (87%) [M]*, 1559.3 (85) [M + Na]*, 3073.6 (35)
[2M]*, calc. 1536.12.

Dimer 3e-3e. 'H NMR (400 MHz, CDCL), J: 0.85 (9H, t,
3] = 7 Hz, CH,CH,), 1.20 (12H, m, CH.), 1.43 (18H, m, CH.),
1.62 (12H, m, CH.), 1.73 (9H, s, ArCH,), 2.06 (12H, d x t,
3] = 7 Hz, *J = 7 Hz, CH,CH=CH,), 2.49 (3H, m, OCH.),
2.66 (3H, m, OCH.), 3.42 (6H, m, OCH,), 3.67 (6H, m, OCH.),
4.97 (12H, m, CH=CH,), 5.78 (6H, m, CH=CH,), 6.04 (3H, t,
] = 2 Hz, p-AroxH), 6.10 (6H, d, *J = 2 Hz, 0-Arox H), 6.46
(H, d, *J = 2.5 Hz, ArH), 6.63 (1H, s, Ar,CH), 7.06 (3H, d,
4] =2.5Hz, ArH), 7.21 3H, s, NH), 8.41 (3H, s, NH); "C{'H}
NMR (100.6 MHz, CDCly), 8: 14.0 (CH,CH,), 16.5 (ArCH,),
22.7(CH,), 25.4 (CH,), 28.0 (CH,), 28.6 (CH,), 29.7 (CH.), 33.5
(CH.), 35.6 (Ar,CH), 67.4 (OCH,), 72.0 (OCH,), 97.6 (CH,,),
99.7 (CH,,), 114.7 (CH=CH,), 122.5 (CH,,), 126.0 (CH,,), 131.4
(Ca), 132.8(Cy), 137.7(C), 138.4 (CH=CH,), 139.0(C,,), 153.0
(Ca), 156.3 (C(0)), 160.2 (Cy,).

Single-crystal X-ray diffraction

Intensity data for 3a were collected on an Enraf Nonius CAD4
diffractometer with Cu Ko radiation (graphite monochromator)
at 193 K or on KAPPA CCD with Mo Ka at 120 K for 3b.
The structures were solved using SIR2002* and refined with
SHELX97." All non-hydrogen atoms were refined anisotropically
with C-H hydrogen atoms generated at idealized positions and
refined as riding atoms. Hydrogen atoms important for potential
hydrogen bonds could be located in differential Fourier maps. The
refinement converged at R1 = 0.1020 for 3a and Rl = 0.0912 for

3b. The position of the solvent molecule (chloroform) in crystals
of 3a and 3b is highly disordered.

Crystal data for 3a. C,H;N,O*1/2CHCL;, M = 1097.92,
monoclinic, a = 34.004(4) A, b = 15.738(3) A, ¢ = 26.894(4) A,
B =122.233(5)°, V = 12175(3) A%, T = 193 K, space group C2/c
(no. 15), Z = 8, u(Cu Ka) = 1.170 mm~!, 11539 reflections mea-
sured, 11539 reflections unique which were used in all calculations.

Crystal data for 3b. C,H,N,0,,S;*2CHCl;, M = 1420.23,
triclinic, @ = 14.3620(6) A, b = 14.7300(6) A, ¢ = 18.9930(6) A,
a = 67.8510(10)°, f = 70.2640(10)°, y = 80.3860(10)°, V =
3499.3(2) A3, T = 120 K, space group P-1 (No.2), Z = 2, u(Mo
Ka) = 0.397 mm~', 62249 reflections measured, 11692 reflections
unique (R;, = 0.1462) which were used in all calculations.

Molecular dynamics simulations

Computational methods. All molecular dynamics simulations
were performed using the AMBER 7 software package and the gaff
parameter set.'® The initial geometry of all models was obtained by
manual construction. Charges were derived following the standard
RESP procedure from a 6-31G* electrostatic potential calculated
with the GAMESS program and the assemblies were transferred
into the LEaP format."* Subsequently, a rectangular box of
chloroform molecules (approximately 14 A solvent layer thickness
on each side) was added. The solvated structures were subjected
to 5000 steps of minimization followed by a 30 ps belly dynamics
(300 K, 1 bar, 1 fs timestep) for solvent relaxation and by a
100 ps equilibration period. Subsequently, MD simulations were
performed in a NTP (300 K, 1 bar) ensemble for 9 ns using a
1 fs time step. Constant temperature and pressure conditions were
achieved by the weak coupling algorithm and isotropic position
scaling. Temperature and pressure coupling times of 0.5 and
1.0 ps, respectively, and the experimental compressibility value
of 100 x 107 bar™' for chloroform were used. Bonds containing
hydrogen atoms were constrained to their equilibrium length using
the SHAKE algorithm. Snapshots were recorded every 2 ps. The
free monomeric units were subjected to a MD simulation of 3 ns
using the conditions as described above. For analysis purposes the
trajectories were averaged over 9 ns for 3a-3a, over the last 8 ns for
3b-3b and over the last 6.4 ns for 3a-3b.
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A concise and efficient asymmetric synthesis of ACNO
analogues of morphine is reported.

Morphine 1, an alkaloid isolated from Papaver somniferum, is
one of the oldest drugs on record. However, due to its molecular
complexity and addictive side-effects, approaches based upon
simplification of the morphine skeleton for the discovery of
novel analgesics have been adopted by generations of medicinal
chemists. Nevertheless, there remain several interesting classes
of morphine fragments, including the ACNO partial polycyclic
system 2, which have not been developed for clinical use, either due
to inefficiency of their synthesis or inadequate structure-activity
relationship studies (Scheme 1).!

morphine 1 2

Scheme 1

For some time, we have been interested in novel cascade-
like transformations,> and we have recently reported on the
rapid construction of the tetracyclic compound 5 using a silica-
gel/'BuOK polycyclisation sequence. Adduct 5 could then be
transformed efficiently into Biichi’s ketone (Scheme 2).3
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Scheme 2 Reagents and conditions: a) (E)-4-oxopent-2-enoic acid,
BOPCI, Et;N, DCM, 10 °C; b) SiO,, DCM, rt, 79%; c¢) ‘BuOK, THF,
—78 °C, 85%.
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The close similarity between the ACNO analogue 2 and our
tetracycle 5 prompted us to investigate the conversion of 5 into
2. In this communication, we wish to report our results on the
short synthesis of ACNO analogues of morphine, as well as on
the development of an asymmetric version of this polycyclisation
methodology.

Our retrosynthetic analysis of 2, leading to tetracyclic intermedi-
ate 5, is depicted in Scheme 3. Thus, the oxygenated five-membered
ring of compound 2 could be derived from the imine 6, which
itself might originate from tetracycle 5 by oxidation of the aniline
nitrogen and chemoselective removal of the ketone function.

— N \ —> HN
NR NR NBn
o o
6 o 5

Scheme 3

Our approach towards 2 began with the Huang—Minlon modifi-
cation of the Wolff-Kishner reduction* of ketone 5. As confirmed
later on in the synthesis, this reaction proceeded with epimerisation
at C12, thus giving an easy entry to the epi-morphane family. The
crucial amine oxidation was then performed using KMnO, in
the presence of BnNMe;Cl as a phase transfer catalyst, and the
relatively stable imine 7 was obtained in 71% yield. Following a
beautiful procedure developed by the group of J. Lévy,' treatment
of imine 7 with NaNO, in acidic aqueous media afforded hemi-
ketal 8 in 91% yield. The structure and relative stereochemistry
of racemic 8 was unambiguously established by single crystal
X-ray diffraction analysis} (Scheme 4). Triethylsilane-mediated
transformation of the hemi-ketal to an ether and amide reduction

Scheme 4 50% ORTEP plot of compound 8.
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finally led, in quantitative yields, to the epi-ACNO analogue 10
(Scheme 95).
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Scheme 5 Reagents and conditions: a) HO(CH,),OH, Na, N,H,, A, 70%;
b) KMnO,, BnNMe;Cl, DCM, —40°C, 71%; c¢) HCl (aq.), NaNO,, rt,
91%; d) TFA, Et;SiH, DCM, rt, 99%; ¢) LiAlH,, Et,0, A, 98%.

The tetracyclic compound 6, possessing the correct C12-f-
stereochemistry of the ACNO ring system, has been synthe-
sised using a Raney-Ni-mediated reduction of the corresponding
dithiocetal derivative. Unfortunately, we have been unable for the
moment to transform 6’ into the corresponding indolenine 7.
Efforts are ongoing towards developing mild oxidation conditions
that will enable us to access the ACNO analogues of morphine via
6’ (Scheme 6).

Scheme 6 Reagents and conditions: a) HS(CH,),SH, BF;-OEt,, AcOH,
65 °C; b) Ra-Ni, MeOH, A, 64%.

Having established a short, efficient and diastereoselective
route to analogues of epi-morphanes, starting from the racemic
tetracycle 5, we next turned our attention towards delineating
an enantioselective version of this methodology for the rapid
assembly of ACNO analogues.

Table 1 Diastereoselective spirocyclisation precursors to 11a-h

Entry R Ar dr*

a Me Ph 2:1°
b Me p-F-C¢H,- 1.6:1
c Me p-Cl-C4H,- 2:1
d Me p-Br—C¢H,- 1.2:1
e Me p-Me-C4H,- 1:1
f Me 1-Naphthyl 2:1¢
g Me 2-Naphthyl 22:1
h Et Ph 24:1

“Measured in the crude reaction mixture. ® Yield of purified product: 61%.
¢ Yield of purified product: 90%.

Initially, chiral equivalents of benzyltryptamine 11a-h were
synthesised using described procedures® and coupled with (E)-
4-oxopent-2-enoic acid in the presence of BOPCL® The cor-
responding precursors were then cyclised under heterogeneous
Si0,/DCM conditions, and the spirocyclic compounds 12a-h
were obtained as a mixture of diastereoisomers (Scheme 7).” Whilst
the electronic effects of the para-substituent of the aromatic ring
on the diastereomeric ratio are negligible (Table 1, entries a—e),
small improvements in the dr are obtained using more hindered
derivatives (entries f-h).

H
N\*(Ar
R ab
| —
N
H
11a-h 12a-h

Scheme 7 Reagents and conditions: a) (E)-4-oxopent-2-enoic acid,
BOPCI, Et;N, DCM, 0 °C — rt; b) SiO,, DCM, 0 °C — rt.

Given that the stereogenic centre in the chiral auxiliary is
quite remote from the reactive electrophilic site of the Michael
acceptor and that it is not directly attached to the 6-membered
ring involved in the transition state, these modest results were not
really surprising.

The situation changed dramatically when we shifted to precur-
sors derived from the cheap, natural amino acid L-tryptophan.
Thus, optically pure benzylated methyl ester 13 was coupled with
(E)-4-oxopent-2-enoic acid and reacted with silica-gel overnight.
Much to our delight, the completely diastereoselective formation
of the spiro-imine 14 was observed. Adduct 14 was obtained in a
good overall yield of 64% (from 13).® Base-catalysed imino-aldol
cyclisation proceeded smoothly in the presence of LiOH, affording
tetracycle 15 as a single diastereoisomer (Scheme 9).° The structure
and relative stereochemistry of 14 was unambiguously established
by single crystal X-ray diffraction analysis§ '* (Scheme 8).

At this point, all that remained to complete the asymmetric
synthesis of intermediate 5 was the removal of the carboxy-
methyl auxiliary. Many methods described in the literature were
tested without success,"' and only the radical decarboxylation
of selenoester 16, obtained in one step from 15 by using
Me,AlSeMe,” proved to be efficient. Following this protocol,
tetracycle 5 could be isolated in an overall yield of 67% from

This journal is © The Royal Society of Chemistry 2006
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applying this methodology to the synthesis of naturally occurring
opioids.
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A series of DNA hairpins were synthesized and shown to associate to form quadruplexes formed by
stacking five G-quartets in an antiparallel orientation. One of the hairpins in the quadruplex was linked
covalently at the 5'-end to an anthraquinone (AQ) group and a *P label was incorporated either at the
3'-terminus of the AQ-containing hairpin or on its partner hairpin in the quadruplex. Irradiation of the
AQ group with UV light leads to the one-electron oxidation of the DNA and concomitant introduction
of a radical cation into the DNA. Analysis by PAGE and autoradiography shows that the radical cation
reacts at guanines both on the AQ-containing strand and with its partner hairpin in the quadruplex.
This observation demonstrates that charge migration in DNA occurs vertically along a DNA chain and

horizontally within a G-quartet.

Introduction

Because of its significance in understanding oxidative damage and
subsequent mutation, intense interest has been focused on the
study of long-distance radical cation (electron “hole”) transport in
duplex DNA."¢ These studies have shown that radical cations are
able to migrate long distances in DNA by a hopping mechanism.”
Chemical trapping of the radical cation by reaction with H,O or
O, causes damage to DNA nucleobases, primarily guanines. This
reactivity is attributed to the fact that guanines have the lowest
oxidation potential (E,,) of the four natural bases,*® and a similar
explanation has been offered to account for the observation that
sequences containing consecutive guanines'®!! show increasing
reactivity in the order GGGG > GGG > GG > AG > TG =
CG."™® However, it has recently become apparent that factors
in addition to relative E,, contribute to the reactivity of radical
cations in DNA."

G-quartets (Fig. 1) are planar structures formed by the hydro-
gen bonding of four guanine bases through Watson—Crick and
Hoogsteen pairing that are stabilized by metal cations that serve
to screen electrostatic repulsion between the negatively charged
phosphate groups of the backbone.”> When contained within ap-
propriate nucleobase sequences the G-quartets can stack to form
linear quadruplex DNA.' Quadruplexes are of special interest
because of their suspected biological significance and because
of their potential application in molecular electronics devices.'”!®
Quadruplexes may be formed from DNA with appropriate base
sequences by the combination of one, two or four strands.

Numerous studies have shown that quadruplex DNA is richly
polymorphic, with structural diversity introduced by the orien-
tation of strands, bonds and loops.'*" Of particular relevance
to this work is the observation that dimeric quadruplexes may
be formed from hairpins in parallel or antiparallel orientations.
In the former, the hairpin loops are on the same ends of the
quadruplex, in the latter they are on opposite ends. In addition,

School of Chemistry and Biochemistry, Georgia Institute of Technology,
Atlanta, GA, 30332

Fig.1 Model structure of a G-quartet showing the central metal ion that
stabilizes the assembly.

antiparallel quadruplexes formed from two hairpins may have
loops oriented “edgewise” or “diagonally”. Relevant structures
are shown schematically in Fig. 2.

There has been some previous interest in determining the effects
of radical cation reaction and transport in guanine-rich DNA
structures. An early report on this topic describes electrochemical
experiments on a quadruplex formed from a single DNA strand,
which showed that this structure is not oxidized especially rapidly
when compared with (G), structures.”® However, it was observed
that the irreversible reaction of the radical cation with H,O or O,
is more likely to occur at the 5'- and 3’-guanines of the quadruplex
than at the central guanine, which is distinct from the behavior
of GGG segments in duplex DNA.?* A further investigation
of monomeric quadruplexes utilized an extended single strand

This journal is © The Royal Society of Chemistry 2006
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Fig. 2 Quadruplexes formed by the dimerization of hairpin duplex
DNA. The squares represent the G-quartets and the arrows represent
the direction of the DNA chain. A. Parallel quadruplex with edgewise
loop regions. B. Antiparallel quadruplex with edgewise loop regions. C
Antiparallel quadruplex with diagonal loop regions.

structure appended with a discontinuous duplex overhang.? Site
selective and non-site selective one-electron oxidation appears to
show that these quadruplex structures are more effective radical
cation traps than are GG steps in duplex DNA; that is, more
damage is observed at guanines within the quadruplex region
than those within the duplex. A reactivity variation between
exterior and central guanines similar to that observed in the
electrochemical experiments was attributed to the quadruplex core
being less accessible to molecular oxygen. In contrast, a recent
study® employing a non-selectively bound, inefficient, singlet-state
photosensitizer* indicates that guanines in a quadruplex structure
are less reactive than those in a corresponding duplex. From these
experiments it is not possible to distinguish “vertical” charge
transfer, which is the well-known process that occurs between
adjacent guanines stacked in duplex DNA, from “horizontal”
charge transfer, which might occur among hydrogen bonded
guanines in a single G-quartet.

We report here the study of charge transfer and the reactivity of
radical cations in a structure containing a [d(G;sT,Gs)], quadruplex
core composed of five stacked G-quartets formed from two DNA
hairpins. This structure has two contiguous overhanging ten base
pair duplex regions (see Fig. 3). An anthraquinone (AQ) group is
covalently attached to one end of a quadruplex-forming hairpin in
order to enable site-specific photosensitized one-electron oxidation
of the complex, and a radiolabel is attached either to the AQ-

Table 1 Structures of the DNA oligomers used in this work

5-AQ
T4
4“,0‘“ G Duplex
G G Region
G (10bp
~34A)
s G
G G | Quadruplex G G
G G Region G
G 6 1
G s G G Quadruplex
= G G Region
. G
G g Duplex Region <G—T4 Hairpin Loop
Duplex
9
5-AQ G| Region
G
3
Parallel Antiparallel

Fig. 3 Quadruplexes formed in parallel or antiparallel structures from
hairpins G5 and G5-AQ.

containing hairpin or to its partner hairpin. This dimer structure
and radiolabel placement was designed to allow investigation of
horizontal charge transfer in a G-quartet.

Experimental
General

Radioactive isotope, 7~ **P-ATP, was purchased from Amersham
Biosciences. The enzymes, T4 polynucleotide kinase (T4-PNK),
terminal deoxynucleotidyl transferase (TDT) and DNase 1, were
purchased from New England Biolabs and stored at —20 ° C.
3,4,9,10-Perylenetetracarboxylic diimide and N-(3-aminopropyl)-
morpholine were purchased from TCI America. N-Methylmeso-
porphyrin (NMM) was purchased from Frontier Scientific, Inc.
Indodicarbocyanine-3-1-O-(2-cyanoethyl)- (N, N -diisopropyl) -
phosporamidite (Cy3) and 1-dimethoxytrityloxy-3-[O-(N-
carboxy-(di-O-pivaloyl-fluorescein)-3-aminopropyl)]-propyl-2-O-
succinoyl-long chain alkylamino-CPG (3'-Fl) were purchased
from Glen Research and stored at —20 °C. The oligonucleotides
were synthesized on an Applied Biosystems DNA synthesizer,
and purified by reverse phase HPLC on a Dynamax C18 column.

The DNA sequences that were analyzed are shown in Table 1.
Electron spray ionization (ESI) mass spectrometry was used

0 0
O‘O NH(CH,), OP(O)-Oligomer-3'
0

AQ-DNA
DNA sequences

G5 5-AATGGCCTATGGGGGTTTTGGGGGATAGGCCATT-3

G5C ¥-TTACCGGATACCCCCAAAACCCCCTATCCGGTAA-5

G5T S-TTTTTAATGGCCTATGGGGGTTTTGGGGGATAGGCCATT-3

G5-AQ 5-AQ-AATGGCCTATGGGGGTTTTGGGGGATAGGCCATT-3

G5T-AQ 5-AQ-AATGGCCTATGGGGGTTTTGGGGGATAGGCCATTTTTTT-3

G5(2)-AQ 5-AQ0-AATGGCCTATCCGGTATGGGGGTTTTGGGGGATACCGGATAGGCCATT-3
G5-5Cy 5-Cy3-AATGGCCTATGGGGGTTTTGGGGGATAGGCCATT-¥

G5-3F1 5-AATAATGGCCTATGGGGGTTTTGGGGGATAGGCCATT-FI-¥

4016 | Org. Biomol. Chem., 2006, 4, 4015-4021

This journal is © The Royal Society of Chemistry 2006





to confirm composition. The concentrations of the oligomers
were determined by UV spectroscopy and monitored at 260 nm.
Fluorescence experiments were performed on a SPEX Fluorolog-2
spectrofluorimeter.

Spectroscopic experiments

Quadruplex DNA samples (typically 50 uM DNA) were prepared
in sodium cacodylate buffer solution (10 mM, pH 7), and in some
cases 25 mM of potassium phosphate was added before hybridiza-
tion. Quadruplex samples were labeled with either 5'-Cy3 or 3'-Fl1
in the fluorescence resonance energy transfer (FRET) experiments.
The fluorescence spectra were measured with excitation at 450 nm.
All spectra were recorded at 25 °C.

DNase 1 assay

The duplex DNA samples were prepared by adding 6 pL of 7~ P
radiolabeled DNA (G5T*) to 25 uM DNA (GS5), 25 uM of its
complementary sequence (G5C), and 10 mM sodium cacodylate
buffer at pH 7. Quadruplex DNA samples were prepared by
adding 6 pL of "~ P radiolabeled DNA (G5T*) to 50 uM DNA
(GS5), 25 mM potassium phosphate salt, and 10 mM sodium
cacodylate buffer. In addition, a control sample was prepared with
6 uL of ¥~ *P radiolabeled DNA (G5T*), 50 uM DNA (G5A)
and 10 mM sodium cacodylate buffer. The DNase 1 solution
was freshly prepared with 20 units/uL of DNase 1, 100 mM of
Tris buffer, 25 mM MgCl,, and 5 mM CaCl, salt solution. A
formamide-EDTA dye solution was prepared by 10 mM EDTA
solution, bromophenol blue dye and a 4 : 1 ratio of formamide
to water. Upon addition of 2 pL. DNase 1 solution, the samples
were stirred and incubated for 5 min at room temperature. The
DNase 1 reaction was quenched by the addition of 10 uL of
formamide—-EDTA dye solution to each sample. The samples were
then heated for 3 min at 90 °C. Each sample was loaded onto
a 20% polyacrylamide gel and strand cleavage was revealed by
autoradiography.

DMS methylation

The duplex and quadruplex samples were prepared as stated earlier
for the DNase 1 experiment. Each sample was incubated with
2.5 uL of the 10% (v/v) dimethylsulfate (DMS) for 10 min at
room temperature. The reaction was quenched by the addition of
1 M 2-mercaptoethanol, and 1.5 M sodium acetate, (pH 7). The
samples were precipitated by adding 750 pL of ethanol and 1 pL.
of glycogen followed by cooling to —80 °C for 4 h before decanting
the liquid and drying the samples. The samples were treated with
piperidine and analyzed by PAGE and autoradiography.

Photocleavage

Quadruplex samples with the label on the non-AQ-containing
strand were radiolabeled by incubating a mixture of 2 pL of T4
PNK (ca. 400 x 10° U mL™"), 2 pL of T4 PNK buffer, 1 puL
7= 32P-ATP, and 25 uM of G5T DNA in a total volume of 100 uL
at 37 °C for 45 min. Quadruplex samples with the label on the
AQ-containing strand were radiolabeled by incubating a mixture
of 2 uL TdT enzyme PNK (ca. 400 x 10° U mL™!), 2 uL of Phor
all buffer, pH 7, 1 uL*~*P-ATP, and 25 uM of G5T-AQ DNA

in a total volume of 100 puL at 37 °C for 45 min. The labeled
samples were suspended in 10 puL of loading dye, and then loaded
onto a purification gel, which was run for 1.5 h at 400 V. Purified
DNA was removed from the gel by placing it in 750 pL elution
buffer (1 mM EDTA, 0.5 M sodium acetate, 10 mM magnesium
acetate, 0.1% SDS), and incubating the solution at 37 °C overnight.
The DNA was precipitated by the addition of 750 puL of 100%
ethanol and 1 uL glycogen stored at —80 °C for 4 h. The product
was isolated by centrifugation at 13000 RCF for 30 min. After
decanting the supernatant, the samples were washed twice with
100 pL of 80% ethanol. Quadruplex samples with the *~*P
radiolabel on the non-AQ-containing strand of DNA (G5T*) were
prepared for hybridization by adding 6 uL of labeled G5T to
50 uM unlabeled G5-AQ, 25 mM of potassium phosphate salt,
and 10 mM sodium cacodylate buffer. The quadruplex samples
with the =~ 3P radiolabel on the anthraquinone-containing strand
of DNA (G5T*-AQ) were prepared by adding 6 pL of labeled
G5T-AQ to 50 uM unlabeled G5, 25 mM potassium phosphate
salt, and 10 mM sodium cacodylate buffer. The experimental
samples for analysis of intermolecular electron transfer were
comprised of 6 uL labeled G5T, 25 mM potassium phosphate salt,
10 mM sodium cacodylate buffer and 50 uM unlabeled G5(2)—
AQ quadruplex DNA for analysis of the non-AQ-containing
strand. Irradiation of hybridized samples was performed for
10 min using a Rayonet photoreactor with eight 360 nm lamps.
The precipitated samples were treated with 1 M piperidine for
30 min at 90 °C. After evaporating the piperidine, the samples
were suspended in loading buffer. Samples with 4000 cpm were
analyzed on a 20% polyacrylamide gel. The gels were dried, and
the cleavage was revealed by an autoradiograph and quantified by
a Fuji phosphorimager.

Results
I. Characterization of quadruplex-containing DNA structures

A. Melting behavior. Dimerization of hairpin-forming
oligomer G5 could result in the formation of a quadruplex-
containing five stacked G-quartets connected by (T), loops with
two linked 10 base pair duplexes in either a parallel or antiparallel
arrangement, see Fig. 3. The melting behavior of the structure
formed from oligomer G5 was investigated and compared with
the duplex that results from the hybridization of oligomer G5 with
G5C, which is its complement. A 50 uM sample of oligomer G5 in
sodium cacodylate buffer solution (10 mM) containing 25 mM of
potassium phosphate shows a single, reversible melting transition
(T, at 72 °C when monitored by UV spectroscopy at 295 nm. For
comparison under these conditions, the G5-G5C duplex exhibits a
T, of 57 °C. These results suggest that G5 forms a stable structure
that exhibits a single melting transition. This structure is shown
to be a dimeric parallel quadruplex through the combination of
chemical and spectroscopic experiments.

B. Dye binding analysis. The optical absorption spectrum of
N-methylmesoporphyrin (NMM) changes characteristically when
it binds to quadruplex DNA, presumably by intercalation.” In
buffer solution, NMM exhibits a symmetrical absorption peak at
ca. 380 nm, which broadens slightly when it is in the presence of
duplex DNA. This band shifts to ca. 400 nm when NMM is in
the presence of a DNA quadruplex. Fig. 4 shows three absorption
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Fig. 4 Absorption spectra of NMM in buffer solution, in the presence of G5 DNA and in the presence of calf thymus (duplex) DNA.

spectra: (i) NMM (1 uM) in buffer solution containing 25 mM
of potassium phosphate; (i)) NMM in buffer solution containing
50 uM of oligomer GS5; (iii) a solution of NMM-containing calf
thymus DNA. The absorption of the dye shifts to 400 nm only
when in the solution of the G5 hairpin oligomer, which is charac-
teristic of quadruplex formation. A similar experiment was carried
out using a morpholino-substituted perylenetetracarboxylic acid
amide (Tel01)* as the indicator dye. Its properties are similar
to NMM in that its spectrum shifts characteristically only in
the presence of quadruplex DNA structures. Tel01 gives results
similar to NMM; the spectral shift characteristics of quadruplex
formation occur only for solutions containing hairpin GS5. These
experiments reveal that G5 in the presence of NMM or Tel01 forms
a dimeric quadruplex, but they do not show conclusively that G5
forms a quadruplex in the absence of these dyes. We carried out
chemical reactivity experiments to confirm that G5 forms dimeric
quadruplexes in the absence of an intercalating dye.

C. DNase 1 and N-methylation assays of quadruplex formation.
The DNase 1 enzyme cleaves both single-stranded and double-
stranded DNA into mono-, di- or tri-nucleotides, but it does not
efficiently cause strand cleavage at quadruplex regions.”’” We used
this property of the enzyme to assay quadruplex formation and
to confirm the preservation of the two contiguous overhanging
ten base pair duplex regions that result from dimerization of
the hairpin oligomers. To facilitate the radiolabeling that is
required for PAGE analysis, a new structure, G5T (see Table 1),
was prepared that contains a (T)s; single strand segment at
the 5'-terminus of the hairpin. The (T)s segment overhangs the
duplex and this structure was readily labeled with *P at its 5'-
terminus. Fig. 5 shows the results of the reaction of DNase 1
with solutions of GS5T in the presence and absence of 25 mM
potassium phosphate and the reaction of the enzyme with the
G5-G5C duplex. As expected, DNase 1 efficiently cleaves the
DNA duplex. Similarly, characteristic cleavage occurs when G5T
in the absence of K* is treated with the enzyme, but the two (G)s
segments of the hairpin are not cleaved when potassium phosphate
is present, which indicates quadruplex formation. In a related

A

Gs

}GD

-
-
-
-

Fig.5 Autoradiogram of PAGE gel from reaction of DNA with DNase 1.
Lane 1: quadruplex formed from 50 uM G5T in 10 mM sodium cacodylate
buffer solution containing 25 mM potassium phosphate. Lane 2: duplex
DNA formed from 25 uM GST and 25 pM GS5C in 10 mM sodium
cacodylate buffer solution. Lane 3: hairpin formed form from 50 uM G5T
in 10 mM sodium cacodylate buffer solution. Lane 4: A + G sequencing.
The labels G; and Gy, indicate the guanines participating in the quadruplex
and duplex region, respectively.

experiment, we showed that the (G); segments in hairpin G5T
in the presence of K* are not methylated at the N7 positions by
dimethylsulfate, which is a characteristic of guanines participating
in the Hoogsteen hydrogen bond patterns of G-quartets.® These
experiments confirm that in the presence of K* the G5 hairpins
dimerize spontaneously to form quadruplexes and this process
does not require an intercalating dye.

D. Quadruplex structural analysis by fluorescence resonance
energy transfer (FRET). FRET experiments are popular for the
structural analysis of biomolecules.”” They can provide informa-
tion about the average distance between fluorescent dyes that are
attached to structural elements within the moiety being studied.
We used FRET to distinguish between formation of parallel
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and antiparallel conformations of the quadruplex resulting from
dimerization of GS.

Two modified hairpins were prepared (see Table 1). The first
contains fluorescein (F1), a fluorescent donor, covalently attached
to the 3'-terminus of the G5 hairpin (G5-3F1). The second contains
the cyanine dye Cy3 covalently attached to the 5'-terminus of
the G5 DNA (G5-5Cy). The Cy3 functions as the fluorescence
acceptor (quencher) in the FRET measurements, see Fig. 6.

800000

600000 a

400000

200000

Fluorescence Intensity (au)

400 ‘ S(I)O . 6(I)O ' 7(')0 ' 8(')0
Wavelength (nm)

Fig. 6 Results from the FRET experiment. Spectrum (a) corresponds
to a solution of 25 uM G5-Fl and 25 pM G5 in potassium phos-
phate-containing buffer solution, (b) corresponds to a solution of 25 uM
G5-Cy and 25 uM G5 in potassium phosphate-containing buffer solution
and (c) corresponds to a solution of 25 uM G5-Cy and 25 uM G5-Fl in
buffer solution containing potassium phosphate.

Three experiments were carried out on these structures. In
the first, the fluorescence intensity was measured for a mixture
containing equal amounts (25 uM) of G5 and G5-3Fl in potas-
sium phosphate-containing buffer solution. This mixture should
contain a statistical distribution of quadruplex structures formed
by the two hairpins and serves to provide a reference value for the
unquenched fluorescence intensity. In the second experiment, the
fluorescence intensity was measured for a mixture containing equal
amounts (25 uM) of G5 and G5-5Cy in potassium phosphate-
containing buffer solution. This measurement serves to provide a
reference for fluorescence resulting from excitation of Cy3. The
third experiment was carried out on a 1 : 1 mixture of G5-
3F1 and G5-5Cy where, statistically, 50% of the quadruplexes
contain a G5-3FI hairpin and a G5-5Cy hairpin, 25% of the
quadruplexes contain two G5-3Fl hairpins, and the remaining
25% are composed of two G5-5Cy hairpins. The energy transfer
efficiency was calculated from eqn. 1:

E=1-Fp/Fp (1)

where E is the energy transfer efficiency, Fp, is the fluorescence
intensity for both the donor and the acceptor, and Fp, is the
fluorescence intensity of the donor at the donor maxima (approx-
imately 520 nm). The FRET quenching efficiency is 75% for the
G5 quadruplex complex, which corresponds to a distance (R)
between the donor and acceptor of 46 A determined from the
Forster equation with R, = 56 A.* Thus, the FRET experiment
indicates that the G5 quadruplex is primarily in the form of a
parallel structure.

II. Radical cation hopping and reaction in quadruplex DNA

Previous studies of DNA have shown that irradiation (350 nm
where only the AQ absorbs) of a covalently-linked anthraquinone
derivative results in efficient one-electron oxidation that injects
a radical cation into the duplex.! The radical cation migrates
through the DNA by hopping®’ and is quenched by reaction
with H,O or O, at a guanine or G, step. The reaction at
guanine is revealed by subsequent treatment of the irradiated
sample with piperidine, which results in strand cleavage at the
modified nucleotide. At low conversion (single-hit conditions) the
amount of strand cleavage, measured by autoradiography and
phosphorimagery on *P-labeled samples, is proportional to the
reactivity of the nucleobase. This protocol was applied to the
analysis of radical cation hopping and reaction in the parallel
quadruplex structure formed from G5 hairpins. In particular, we
analyzed cross-over of the radical cation from one hairpin to the
other in the quadruplex by monitoring reactions in the duplex
regions.

Two classes of dimeric quadruplex structures were constructed
to analyze the path of radical cation migration through the five
stacked G-quartets. The first was formed from combination of
G5 with G5T-AQ (see Table 1 and Fig. 7); the latter hairpin
has an AQ group at its 5-end and was radiolabeled at its 3'-end
(identified as G5T*-AQ). The second quadruplex is composed
of G5-AQ and GS5T, with the latter hairpin radiolabeled at its
5-end (G5T*). Both quadruplex solutions contain mixtures of
three structures. For example, combination of equal amounts of
hairpins G5T* and G5-AQ will give quadruplexes G5T*/G5T*,
G5-AQ/G5T* and G5-AQ/G5-AQ presumably in the statistical
ratio of 1 : 2 : 1. The G5T*/G5T* quadruplex does not contain
an AQ photosensitizer and a control experiment (see below)
shows that its irradiation does not lead to detectable strand
cleavage. Similarly, the G5-AQ/G5-AQ quadruplex does not
contain a radiolabel and thus it will not produce an image in
the autoradiography or phosphorimagery measurements. Only
quadruplex G5-AQ/GS5T* can give detectable strand cleavage
when irradiated because it contains both a photosensitizer and a
radiolabel. In this case, the sensitizer and the label are on separate
hairpins and strand cleavage observed in G5T* must result from

oona@

5’Label

5AQ

Fig. 7 Quadruplex structure formed from combination of G5T* and
G5(2)-AQ. The AQ group is not able to intercalate in the duplex region of
the hairpin formed from G5T*.
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a crossover of the radical cation injected into G5-AQ hairpin to
the G5T* hairpin. Similarly, there are three quadruplex structures
formed from mixing the two hairpins G5 and G5T*-AQ: G5/GS,
G5T*-AQ/GS5 and G5T*-AQ/G5T*-AQ. Only the latter two can
give detectable strand cleavage after irradiation. In these cases, the
photosensitizer and the label are in the same hairpin structure and
crossover of the radical cation is not required for detectable strand
cleavage.

The results of irradiation and analysis of the quadruplexes
are shown as autoradiograms of high resolution PAGE gels in
Fig. 8. Similar results are observed for G5-AQ/GS5T* and G5T*-
AQ/GS quadruplexes. Strand cleavage is observed at guanines
participating in the G-quartets and at guanines in the duplex
regions of both hairpins. These findings suggest that crossover,
that is, horizontal radical cation transfer from one guanine to
another, occurs from one hairpin to its partner in the quadruplex.
Control experiments were carried out to confirm this conclusion.

== = G;
- g
A B

Fig. 8 Autoradiograms of PAGE gels from the irradiation of the
AQ-linked quadruplexes at 350 nm in 10 mM sodium cacodylate buffer
solution containing 25 mM potassium phosphate. The labels Gs and
Gp indicate the guanines participating in the quadruplex and duplex
region, respectively. In 8A, lane 1 corresponds to the “dark control,”
which is an unirradiated solution of G5T*/G5-AQ in potassium phos-
phate-containing buffer solution. The unirradiated control sample was
analyzed by treatment with piperidine precisely as were the experimental
samples. Lane 2 in 8A is the same as lane 1 but it was irradiated for
10 min with UV light before analysis. Lane 3 is the same as lane 2 but with
the addition of excess duplex DNA. The lane designations have the same
meaning in 8B as in 8A except the sample is composed of G5T*-AQ/GS3.
The absolute intensity of strand cleavage in the gels shown in A and B
cannot be compared.

Inspection of the parallel quadruplex structure suggests that it
may be possible for an AQ-group on one hairpin to reach over
and bind to the duplex region of its partner hairpin. Such inter-
strand sensitization has been observed previously in certain DNA
three-way junctions.®' If this inter-strand sensitization occurred,
then the strand cleavage observed in the G5T* hairpin of the G5-
AQ/GS5T* quadruplex might not be due to horizontal radical
cation transport. To assess this possibility, hairpin G5(2)-AQ
(Table 1, Fig. 7) was prepared and investigated. In the quadruplex
formed from G5(2)-AQ/G5T*, the AQ-linked duplex region is
17 base pairs long and the duplex region of the G5T* hairpin is
only 10 base pairs long. Consequently, inter-strand sensitization

is geometrically impossible in the G5(2)-AQ/G5T* quadruplex.
The results of irradiation of G5(2)-AQ/GS5T* give an observed
pattern of strand cleavage that is essentially indistinguishable from
that observed from irradiation of G5-AQ/G5T*, which shows
that horizontal radical cation transfer in these quadruplexes is not
due to inter-strand sensitization.

Finally, there is a possibility some sort of “higher-order”
structure or aggregate formed in solution could enable an AQ
group of one quadruplex to photosensitize strand cleavage in
another. This was ruled out by investigating the irradiation of
G5T*-AQ in the presence of a large excess of G5. If some higher
order structure formed between G5T*~AQ and G5 that resulted
in inter-strand sensitization, the amount of strand cleavage in
G5T*-AQ would be reduced. No such reduction was observed,
which shows that at the concentrations of DNA employed in these
experiments, higher-order structures play no meaningful role.

Discussion

The combination of spectroscopic and chemical analyses reported
here shows conclusively that the G5 hairpins dimerize in the
presence of potassium phosphate to form primarily parallel
quadruplex structures. These assemblies contain five stacked G-
quartets and contiguous duplex regions. The irradiation of AQ-
linked quadruplexes labeled appropriately with **P yields DNA
strand cleavage at guanines in both the quadruplex and duplex
regions of these assemblies.

Consider the results from irradiation of the quadruplex formed
from hairpin dimers G5-AQ and G5T*. In these assemblies the
AQ group is at the 5'-terminus of a 10 base pair duplex region.
Injection of the radical cation into the DNA must occur at a
base pair adjacent to the AQ, and numerous studies have shown
that this radical cation will hop through the duplex and react
occasionally with H,O or O, at the GG steps located five and
seven base pairs from the AQ group in the duplex region. It is
important to recognize that the trapping efficiency is relatively low
and that only a small fraction of the radical cations introduced by
irradiation of the AQ will be consumed by reaction at the GG
steps in the duplex region, the rest will continue to hop through
the DNA eventually encountering the five stacked G-quartets.

The experimental results show that the radical cation also
reacts at the guanines of the G-quartet. Quantitatively, the
radical cation is approximately 50% more likely to be trapped
at a guanine in the quadruplex region than one in the duplex
region, which is consistent with previous investigations. These
experiments show a radical cation can migrate from a duplex
region that contains guanines, through a G-quartet region, and
then to a second guanine-containing duplex region. In the G5—
AQ/GS5T* quadruplex, the guanines at the “top” and “bottom”
of the stack of 5 G-quartets are somewhat more reactive than the
three “interior” G-quartets, which is an effect that has also been
observed previously. However this effect is not universal, all of
the guanines in the G-quartets of the G5T*~AQ/G5 quadruplex
appear to have similar reactivity.

These quadruplex complexes were developed to investigate the
possibility that horizontal radical cation transfer can occur in G
quartets. The experimental results obtained from investigation of
the G5-AQ/G5T* assembly show for the first time that transfer
of a radical cation from one hairpin (G5-AQ) to another (G5T*)
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does occur in the quadruplex region. This is consistent with
results from experiments and calculations indicating that radical
cations in DNA are delocalized as polarons. The findings reported
here suggest that in regions containing stacked G-quartets the
polaronic delocalization*? extends both vertically and horizontally.
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The temporary protection of 170-alkyl-So-androstane-3f,16[3,17f triols as boronate esters is an efficient
method for their regioselective functionalisation. This has been applied to the synthesis of
protein—steroid conjugates 7-10 suitable for the development of immunoassays targeting classes of
steroids banned from competition in Australian horse racing and other sports. The synthesis of steroids
sulfate conjugates 42 and 44 for use as reference standards is also reported.

Introduction

Anabolic androgenic steroids are an important class of perfor-
mance enhancing drugs with potential for misuse in horse racing
and other sport. As a result, the integrity of sporting contests
relies on stringent doping control measures targeting these agents.
Despite ongoing research, the detection of illicit steroid use
presents significant challenges due to a range of complicating
factors. Among these, the administration of anabolic steroids
frequently results in little or no excretion of the parent steroid in the
urine and instead, the steroid is converted into more hydrophilic
metabolites. The detection of steroid abuse therefore requires
appropriate reference materials and methods for the detection
of the metabolites derived from known steroidal agents. Of
greater concern, in 2003, the previously unknown anabolic steroid
tetrahydrogestrinone 1 (THG, Fig. 1)! was uncovered as a doping
agent at the highest levels of world sport. This so-called ‘designer’
steroid was conceived to evade standard methods of selected ion
monitoring mass spectrometric detection and highlights the need
for broader screening methods for the detection of drugs in sport.

1, tetrahydrogestrinone (THG)

Fig. 1

Recently, we described? an enzyme-linked immunosorbent assay
(ELISA) based screen for the detection of 170-methyl steroid
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mental details together with experimental procedures and spectroscopic
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1 The HTML version of this article has been enhanced with colour images

metabolites in urine. Steroids with 17c-alkyl substituents are
common agents of abuse in horse racing and other sports, owing
to the oral bioavailability imparted by the alkyl substituent. In
horses, these 17-alkyl anabolic steroids are extensively metabolised
prior to excretion®** and our approach was to target the D-ring
structures common to many equine metabolites of these steroids.
The application of this assay to the detection of equine stanozolol
metabolites is depicted in Scheme 1. Stanozolol, 2, administration
leads to excretion of the 16B-hydroxystanozolol glucuronide
conjugate 3 as the major phase IT metabolite.* Enzyme hydrolysis
liberates the 16B-hydroxystanozol 4 which is then detected in
the raw hydrolysed urine by an ELISA employing polyclonal
antibodies targeting the D-ring of the steroid.> The assay has
been deployed by the Australian Racing Forensic Laboratory as

(@]
I

A 2, stanozolol

ﬂ J 1) equine metabolism
- ~r
e

{

/g

P

N :
H H

2) enzyme hydrolysis
3) ELISA
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= Polyclonal
= Antibodies

OH

4, 16p-hydroxystanozolol

Scheme 1
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a primary screen for the detection of stanozolol metabolites in
race day samples.

The ELISA-based methods of drug detection have a number of
positive attributes. The assays do not routinely require sample
extraction and derivatisation procedures and are readily con-
ducted in array format leading to significant efficiencies. More
importantly, ELISA is a broad screen with the potential to detect
families of steroid metabolites that contain a common structural
motif (such as the hydroxylated D-ring of metabolite 4). ELISA
thus has significant promise as a forensic tool for the early
detection of previously unknown steroids or their metabolites.

The success of the reported ELISA targeting 1 7a-methyl steroids
suggested a number of avenues for further research. Our first
goal was the development of assays targeting other commonly
occurring D-ring substitution patterns associated with World
Anti-Doping Agency (WADA) and International Federation of
Horseracing Authorities (IFHA) prohibited anabolic steroids
such as 170-ethyl and 170-ethynyl steroids. This required the
development of polyclonal antibodies raised against these D-ring
motifs, which in turn required extension of the previously reported
methods for the synthesis of protein—steroid antigens 5 and 6> to
derivatives 7-10 bearing different D-ring substituents (Scheme 2).
It was anticipated that 170-ethyl antigens 9 and 10 would afford

Polyclonal
Antibodies

Protein

!

R

073":
H
15,R = -CHj
16, R =-C=CH
17,R = -CH2CH3

!

R

HO™ 3

;

18, R = -CHs
19, R=-C=CH
20, R= -CH2CH3

Scheme 2

antibodies suitable for the detection of prohibited steroids such
as ethylestrenol 11, norethandrolone 12 (Fig. 2) and their 16f-
hydroxylated metabolites.* The 17-ethynyl antigens 7 and 8 would
afford antibodies suitable for the detection of danazol 13 and
its putative metabolites. The antibodies could also show some
selectivity for the detection of 18-homo steroids such as THG 1
and gestrinone 14.

~

11, ethylestrenol

13, danazol

14, gestrinone
Fig.2 WADA and IFHA prohibited anabolic steroids.

A second and related goal of this study was to improve synthetic
access to the antigenic steroid—protein conjugates 5, 7 and 9.
The 3-keto steroids 15-17 were key intermediates required for
conjugate synthesis and could be derived from the steroid triols
18-20 by selective oxidation of the C3-hydroxyl group. In the
reported synthesis of 15, the multi-step oxidation sequence (18 —
15) suffered from the formation of isomeric steroids, necessitating
HPLC separation to afford pure 3-keto steroid 15.2 In addition to
the development of antibodies already reported, the conjugate 5
was required as a reagent for the ELISA and this bottleneck to
the large-scale synthesis potentially limited the future application
of the successful assay. Furthermore, these difficulties also posed
problems for the synthesis of the new steroid antigens 7 and 9.

This paper reports an improved synthesis of protein—steroid
conjugates 7-10 suitable for the development of ELISA targeting
17a-ethyl and 170-ethynyl steroids. The synthesis hinged on the
development of effective boronate ester-mediated strategies for
the selective functionalisation to afford steroid ketones 15-17. As a
further demonstration of the scope of this chemistry, the boronate
ester methodology is also employed for the selective synthesis
of steroid sulfate reference materials. Such steroid sulfates are
of interest as reference materials for phase II anabolic steroid
metabolites commonly observed following steroid administration.

Results and discussion

Synthesis of 16§,17p-dihydroxy-17a-alkyl-3-keto-steroids for
ELISA development

Synthesis of these 17a-alkyl-5a-androstane-3f3,168,17p-triols
(17a-alkyl-triols, 18-20) was achieved starting from commercially
available epiandrosterone 21. The diacetoxyketone 22 was syn-
thesised in two steps by enol acetate formation followed by lead
tetraacetate oxidation. The addition of excess methylmagnesium
bromide afforded 170-methyl-triol 18 as previously described
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Scheme 3 Reagents and conditions: (i) isopropenyl acetate, cat. H,SO,, 80% (ii) Pb(OAc),, AcOH, Ac,0, 70% (iii) MeMgBr, Et,O, then H*, 97%
(iv) EtMgBr, Et,0, then H* (v) HC=CLi-en, THF, then H*, 71% (vi) Pd/C, MeOH, H,, 96%.

(Scheme 3).>¢ This route was then adapted for the synthesis
of ethynyl- and ethyl-substituted steroids 19 and 20. Attempted
treatment of ketone 22 with ethylmagnesium bromide afforded
the desired 17a-ethyl-triol 16 together with the reduction product
23, arising from hydride transfer from the Grignard reagent [3-
carbon.” The triols 20 and 23, were not readily separable by flash
chromatography. A convenient alternative was found in the addi-
tion of commercially available lithium acetylide—ethylenediamine
complex to give the 17a-ethynyl-triol 19, as a single diastereomer.
Catalytic hydrogenation then gave access to 17a-ethyl-triol 20 in
96% yield, as shown in Scheme 3.

Elaboration of these triols 18-20 to 16p,17p-dihydroxy-5a-
androstan-3-ones (17a-alkyl-3-ketones, 15-17) proved more chal-
lenging. This required selective manipulation of the C-3 hydroxyl
group in 17a-alkyl-triols 18-20. Selective protection of the vicinal
diol in steroid 18 as the acetonide was followed by oxidation to
ketone 24 (Scheme 4). Subsequent access to 170-methyl-ketone
15 required acetonide deprotection under acidic conditions to
furnish the 16p,17p-diol array.> Unfortunately, the acid promoted
deprotection of acetonide 24 under a wide range of conditions
provided mixtures of epimers 15 and 25. Separation of epimers
was only partially achieved by flash chromatography, and HPLC
separation was required.

To increase efficiency of the synthesis and to avoid the acidic
deprotection conditions and C17 epimerisation, exchange of the
acetonide protecting group for a benzylidene acetal protecting
group was investigated. The 17a-methyl-triol 18 was treated with
benzaldehyde dimethyl acetal in the presence of concentrated sul-
furic acid to give the acetal 26, as a single diastereomer (Scheme 5).
NOESY experiments were used to assign the stereochemistry at
the newly formed acetal stereocentre. Parikh-Doering® oxida-
tion conditions gave higher yields (78%) for the conversion of
the 3-hydroxyl group to the corresponding ketone. Benzylidene
deprotection was then achieved, without epimerisation, with
Pd(OH), under a hydrogen atmosphere, to give the desired triol
15 exclusively, which was isolated in 93% yield.

While the benzylidene protecting group conveniently gave
access to 17a-methyl-ketone 15, and would be suitable for the
preparation of 17a-ethyl-ketone 17, the methodology would not

L (@), (i)

| @

1
o
iy

0] 0]

A 15 A 25

Scheme 4 Reagents and conditions: (i) 2,2-dimethoxypropane, pTsOH,
CH,Cl,, 74% (ii) CrOs, py, 70% (iii) Dowex 50W-X8, MeOH-H,O (1: 1),
70%.

be appropriate for the conversion of 17a-ethynyl-triol 19 to the
corresponding 17a-ethynyl-ketone 16, as the hydrogenolysis would
be incompatible with an alkyne. Hence, a more general method was
sought.

The use of boronate esters as protecting groups for diols
has been reviewed,” with many applications to carbohydrate
synthesis and the regioselective manipulation of hydroxyl groups.
Appealing features include the ease of protection/deprotection
and in situ derivatisation which minimise the number of reaction
and purification steps. Such features would be well suited to
steroid hydroxyl group manipulation. Notably, Harmatha and
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Scheme 5 Reagents and conditions: (i) C¢HsCH(OCH,),, conc. H,SO,,
DMEF, CH,Cl,, 95% (ii) Py-SO;, Et;N, 4 A mol. sieves, DMSO, CH,Cl,,
78% (iii) H,, Pd(OH),, THF, 93%.

co-workers' utilised phenylboronic acid to selectively protect an
ecdysteroid side-chain vicinal diol in the presence of a more rigid
A-ring 2,3B-diol. This enabled subsequent derivatisation of the
remaining secondary hydroxyl groups as acetate esters.

In the present case, the use of phenylboronic acid to protect the
16B,17B-diol unit in 17-alkyl-triols 18-20 would require boronate
ester formation on the rigid D-ring allowing for selective oxidation
of the 3-hydroxyl to give ketones 15-17. The sequential boronate
ester formation and in situ oxidation followed by oxidative removal
of the boronate ester, would provide an expedient alternative to
the step-wise strategies, and associated purifications, described
above (Schemes 4 and 5) for 17a-methyl-ketone 15. In the event,
treatment of 18 with phenylboronic acid (Scheme 6), in DMF-
dichloromethane in the presence of molecular sieves, followed by
direct oxidation at C-3, by addition of pyridinium chlorochromate
(PCC) on alumina," gave intermediate 27. Oxidative removal of
the boronate ester with sodium hydroxide and hydrogen peroxide,
then gave 15 exclusively, in 76% yield over the 3 steps. The basic
deprotection conditions avoided any epimerisation problems and
16B-hydroxymestanolone 15 was prepared in an extremely clean,
rapid, and efficient sequence that compares favourably to the 69%
yield obtained for the three step sequence via benzylidene acetal
26 (Scheme 5).

This approach was then applied to the conversion of 170-
ethynyl-triol 19 and 170-ethyl-triol 20, to ketones 16 and 17
respectively. In each case, intermediates 28 and 29 were formed
by treatment with phenylboronic acid and in situ oxidation
(PCC/ALO0:;). Deprotection then (NaOH-H,0,) afforded ketones
16 and 17, in 76% and 71% yield (over the 3 steps), respectively
(Scheme 6). Again the deprotection conditions caused no epimeri-
sation, particularly in the case of sensitive 17a-ethynyl-ketone 19.12

OH

18, R = -CH,
19, R = -C=CH
20, R = -CH,CH,

(@), (i)

27,R=-CH,
28, R = -C=CH
29, R = -CH,CHj

(iii)

R

OH

15, R = -CHj3, (76% over 3 steps)
16, R = -C=CH, (76% over 3 steps)

o 17, R = -CH,CHg, (71% over 3 steps)

A
Scheme 6 Reagents and conditions: (i) PhB(OH),, DMF, CH,Cl,, 4 A
mol. sieves (i) PCC/Al,O; (iii) H,0,, NaOH(aq), THF.

The application of phenylboronate ester chemistry to trihy-
droxylated steroids provided regioselective access to ketones 15—
17, ready for elaboration to conjugates 5-9. Efficient protection,
in situ and regioselective oxidation, followed by deprotection
rapidly afforded the desired dihydroxylated 3-keto-steroids. The
chemistry was readily scaleable and did not result in the production
of stereoisomeric steroids nor require HPLC to afford pure
compound.

Synthesis of 17p-hydroxy-17a-alkyl-3-keto-steroids for ELISA
development

A major finding of previous studies was that antibodies generated
against 16f,17B-dihydroxy-170-alkyl-antigens such as 5 were more
selective and sensitive than antibodies generated against the
parent 17B-hydroxy-17a-alkyl-antigens such as 6 (Scheme 2). This
provides significant advantages in the development of ELISA
for drug detection. Antibodies raised against antigen 5 were
used for the detection of stanozolol metabolites in raw enzyme
hydrolysed urine. In contrast, antibodies raised against antigen 6
are used for the detection of methandriol metabolites but required
solid phase extraction to remove interferences presumed to arise
from endogenous compounds. To explore the generality of this
phenomenon the synthesis of additional mono-hydroxylated 17a-
ethynyl and 17a-ethyl-antigens 8 and 10 was required.

Epiandrosterone 21 was treated with excess lithium acetylide—
ethylenediamine complex, giving alkyne 32 in 94% yield
(Scheme 7). Oxidation of the 3-hydroxyl group was achieved
cleanly using Parikh-Doering conditions® to give target 170-
ethynyl-ketone 30 in 75% yield. Catalytic hydrogenation (Pd/C,
H,, NaHCO:;) afforded corresponding 17a-ethyl-ketone 31, in 65%
yield.
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Scheme 7 Reagents and conditions: (i) HC=CLi-en, THF, then H*, 94%
(i) Py-SO;, Et;N, DMSO, CH,Cl,, 4 A mol. sieves, 75% (iii) H,, Pd/C,
NaHCO;, 65%.

Synthesis of C-3 linked protein-steroid conjugates

Conversion of ketones 16, 17, 30 and 31 to steroid—protein
conjugates 7-10 is summarised in Scheme 8.2 Treatment of the
ketones with carboxymethoxylamine hemihydrochloride, gave the
corresponding carboxymethyloximes 33-36. Subsequent reaction
with N-hydroxysuccinimide and 1-[3-(dimethylamino)propyl]-3-
ethylcarbodiimide hydrochloride (EDC) yielded the activated
esters 37-40 respectively. Standard techniques then provided
access to steroid—protein conjugates 7-10, with the steroid linked
to the lysine residues of human serum albumin to provide the
antigenic material for antibody generation.” The development of
antibodies and their application to the development of ELISA isin
progress using previously reported methods and will be reported
elsewhere.

Synthesis of steroid sulfate reference materials

Steroid sulfate esters are commonly observed phase II metabolites
that are derived from polyhydroxylated steroids.®* The charged
sulfate residue renders the hydrophobic steroid more soluble in
aqueous environments and more readily excreted in the urine.
An example of steroidal metabolism is given in Scheme 9. In
recent work, the administration of methyltestosterone 41 to a
thoroughbred gelding resulted in the excretion of a number of an-
drostane diol and triol metabolites as their sulfate or glucuronide

R
OH

o‘"N/ :

H
16, R = -C=CH, X = OH 33,R= -C=CH,X=0OH (75%)
17, R= -CH,CHs, X = OH 34, R = -CH,CHg, X = OH (84%)
30,R= -C=CH,X=H 35 R= -C=CH,X=H (54%)
31,R= -CH,CHj, X=H 36, R= -CH,CH3;, X=H (86%)

Scheme 8 Reagents and conditions: (i) (NH,OCH,CO,H),-H

OH

a

41, methyltestosterone

1) equine metabolism
2) sulfate hydrolysis

H

HO'

18
(+ 170-methylandrostane diols and triols)

Scheme 9

conjugates.’* These were identified by a process of conjugate
hydrolysis to give the free steroid, followed by derivatisation and
GCMS analysis against synthetically derived reference standards.
Of relevance to this work, the 17a-methyl triol 18 was identified as
a major steroidal metabolite occurring as the sulfate conjugate.

The routine observation of sulfate esters as metabolites makes
the synthesis of these compounds highly desirable as reference
standards that allow each step of the analytical procedure,
including sulfate ester hydrolysis, to be monitored. In the case of
170-methyl triol 18, this also raised the question of which hydroxyl
group of the steroid carried the sulfate ester residue. Evidence
based on the configurational stability of the C17 stereogenic centre
suggested the sulfate was not conjugated to the tertiary hydroxyl
group.™

The ability to regioselectively manipulate the hydroxyl groups
in steroid triols, through boronate ester protection of the steroid
16,17-diol, would also enable selective and rapid access to steroid
sulfate derivatives. Previously, Vasella and co-workers' employed
phenylboronic acid to protect the 4,6-diol of a methyl glycoside,
with subsequent stannylidene activation of the remaining diol
enabling regioselective sulfation.

As shown in Scheme 10, the flexibility of the boronate ester ap-
proach, as applied to anabolic steroid metabolites, is demonstrated
by the selective conversion of triol 18 to 3-sulfate derivative 42.
Diol protection and sulfation are rapidly achieved in the one-pot,
giving intermediate 43. Oxidative phenylboronate deprotection
then provided the desired 3-sulfate 42 in 79% yield, over the 3
steps.

0
OH L R oH
N
o)
X o X HsA
— 0 — 7410

H
37,R= -C=CH, X=0OH

(84%)
38, R = -CH,CHa, X = OH (95%)

39,R= -C=CH, X = H
40,R = -CH,CH3, X = H

(95%)
(97%)

Cl, py (ii) EDC, 1,4-dioxane, CH,Cl,, N-hydroxysuccinimide.
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Scheme 10 Reagents and conditions: (i) PhB(OH),, DMF, CH,Cl,, 4 A
mol. sieves (ii) SO;-py, DMF (iii) H,0,, aq. NaHCO;, THE, MeOH, 79%
(over 3 steps).

The alternative steroid 16-sulfate 44 could also be prepared
selectively as shown in Scheme 11. Treatment of triol 18 with
phenylboronic acid and in situ protection'® of the 3-hydroxyl
group by addition of fert-butyldimethylsilyl (TBS) chloride and
imidazole gave intermediate 45. Oxidative removal of the boronate
ester then gave diol 46 in 73% yield, over the 3 steps. Treatment of
diol 46 with excess sulfur trioxide—pyridine complex, and excess
pyridine, for 50 minutes, then resulted in regioselective sulfation of
the remaining secondary hydroxyl group at C16 to give protected
sulfate 47. The tetrabutylammonium fluoride (TBAF) mediated
silyl ether deprotection of sulfate 47 was unsuccessful, with excess
TBAF resulting only in formation of the tetrabutylammonium salt

oH (i), (i)

HO :
H

45

44

Scheme 11 Reagents and conditions: (i) PhB(OH),, DMF, CH,Cl,, 4 A mol.

(iv) SO,-py, DMF, py, 4 A mol. sieves, 61% (v) 80% AcOH-H,0, 69%.

of the sulfate and retention of the TBS protecting group. However,
TBS deprotection was effected with 80% acetic acid in water, over
1 hour."” These conditions were sufficiently mild to retain the acid
labile sulfate group, and 16-sulfate 44 was obtained in 69% yield.

Both sulfate standards were used in a recent study of the
phase II metabolites derived from methyltestosterone in a drug
administration trial. Both the C3-sulfate 42 and Cl16-sulfate
44 displayed retention time matches and mass spectrometric
behaviour consistent with the presence of significant sulfate
metabolites.”® Unfortunately, due to inadequate chromatographic
resolution and the likely presence of a number of isomeric sulfated
steroid triols that were not targeted for synthesis by this study, it
was not possible to unambiguously confirm the presence of these
sulfate compounds in urine. Nevertheless, the chemistry highlights
the application of boronate esters in the synthesis of regioisomeric
sulfate standards.

Experimental

General experimental details together with experimental proce-
dures and spectroscopic data for compounds 15, 19, 20, 26, 3040,
44 and 47 have been deposited in ESI. ¥

Boronate ester mediated oxidation

16p,17p-Dihydroxy-17e-methyl-Sa-androstan-3-one (B-hydroxy-
mestanolone) (15). Method 1. 17a-Methyl triol 18* (0.410 g,
1.27 mmol) was stirred (18 was partially insoluble) in a mixture
of DMF-CH,C], (1 : 1, 2.4 mL). Phenylboronic acid (0.248 g,
2.04 mmol) was added, followed by 4 A molecular sieves (20).
After 15 minutes, no starting material remained insoluble, and
after 1 hour, TLC (ethyl acetate-hexane, 1 : 1) showed complete
conversion of starting material (R; 0.2) to the corresponding
boronic ester (R; 0.5). Additional CH,Cl, (2 mL) was added,
followed by pyridinium chlorochromate (PCC)/alumina'! (3.18 g,
25% w/w) and 4 A molecular sieves (10). The reaction mixture was
stirred for 20 hours after which time TLC (ethyl acetate-hexane,
1 : 1) showed complete conversion to intermediate product 27
(R; 0.7). The reaction mixture was diluted with Et,O (20 mL)
and filtered through a pad of silica topped with celite, with Et,O

z O\B/Ph

l (iv)

0S0zNa*

G a7

sieves (ii) TBSCI, imidazole (iii) H,O,, aq. NaOH, THEF, 73% (over 3 steps)
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(500 mL) elution. Concentration in vacuo gave a colourless foam
which was directly dissolved in THF (12 mL) and treated with
H,0, (30% aqueous solution, 3.2 mL) and NaOH (12% aqueous
solution, 2 mL) for 15 minutes. TLC (ethyl acetate-hexane, 1 : 2)
suggested the deprotection to be complete. The reaction mixture
was diluted with H,O (70 mL) and extracted into ethyl acetate
(4 x 30 mL). The combined ethyl acetate extracts were washed
with saturated Na,SO; solution (20 mL), saturated NaCl solution
(20 mL), then dried (Na,SO,) and concentrated in vacuo. The
residue was dissolved in CH,Cl,-MeOH and pre-adsorbed onto
silica for flash chromatography (ethyl acetate-hexane, 1 : 2 then
1: 1), which afforded B-hydroxymestanolone (15) (0.308 g, 76%).
R; 0.2 (ethyl acetate-hexane, 1 : 1); mp 185-186 °C (lit.> 185-
186 °C) [a]? +8.4 (¢ 1.0, CH,Cl,) (lit.? [a]¥ +8.4 (¢ 1.0, CH,CL,));
Vmax/cm~! (film) 3600-3000 (OH), 2939, 2920, 2854, 1713 (C=0),
1447, 1381, 1356, 1271, 1219, 1175, 1124, 1067, 1040, 1024; o4
(200 MHz, CDCl;) 3.64 (1H, dd, J 7.9, 5.4 Hz, C,(H), 3.00-2.80
(1H, brs, OH), 2.80-2.60 (1H, br's, OH), 2.48-1.92 (6H, m), 1.78—
0.63 (14H, m), 1.11 (3H, s, C, H), 1.01 (3H, s, C;sH), 0.86 (3H, s,
C,yH);dc (50 MHz, CDCl;) 212.0,79.1,77.6, 53.9,46.9,46.7,44.9,
44.6, 38.5, 38.1, 35.7, 35.6, 34.8, 32.3, 31.5, 28.7, 23.7, 20.8, 13.5,
11.4; m/z (EI+) 320.2350 (M*, C,H;,0; requires 320.2351, 85%),
232 (60), 217 (100), 159 (45).

16p,17p-Dihydroxy-5a,17a-pregn-20-yn-3-one 16). 17o-
Ethynyl triol 19 (0.107 g, 0.32 mmol) was stirred (19 was partially
insoluble) in CH,Cl, (1.0 mL). Phenylboronic acid (0.062 g,
0.51 mmol) was added, followed by 4 A molecular sieves (10).
After 5 minutes, the starting material had dissolved, and after
1 hour, TLC (ethyl acetate-hexane, 1 : 1) showed complete
conversion of starting material (R; 0.3) to the corresponding
boronic ester (R; 0.5). Additional CH,Cl, (1 mL) was added,
followed by pyridinium chlorochromate (PCC)/alumina' (1.2 g,
25% w/w). The reaction mixture was stirred for 3 hours after
which time TLC (ethyl acetate—hexane, 1 : 1) showed complete
conversion to intermediate product 28 (R; 0.8). The reaction
mixture was diluted with Et,0 (15 mL) and filtered through
a pad of silica topped with celite, with Et,O (80 mL) elution.
Concentration in vacuo gave a colourless foam which was directly
dissolved in THF (3 mL) and treated with H,O, (30% aqueous
solution, 0.8 mL) and NaOH (12% aqueous solution, 0.5 mL)
for 15 minutes. TLC (ethyl acetate—hexane, 1 : 2) suggested the
deprotection to be complete. The reaction mixture was diluted
with H,O (70 mL) and extracted into ethyl acetate (5 x 20 mL).
The combined ethyl acetate extracts were washed with saturated
Na,SO; solution (20 mL), saturated NaCl solution (20 mL),
then dried (Na,SO,) and concentrated in vacuo. The residue was
dissolved in CH,Cl,-MeOH and pre-adsorbed onto silica for flash
chromatography (ethyl acetate-hexane, 1 : 3 then 1 : 1), which
afforded diol 16 (0.081 g, 76%). R; 0.5 (ethyl acetate-hexane,
1 :1); mp 253-256 °C; [a]F —18.9 (c 0.19, CH,Cl,-MeOH, 4 :
1); Vi /cm™" (film) 3550-3200 (OH), 3238 (=C-H), 2918, 2106
(C=0), 1703 (C=0), 1150; 6, (300 MHz, CDCl;-MeOD, 3 : 1)
3.93-3.85 (1H, m, H16), 2.39 (1H, s, =CH), 2.26-1.94 (4H, m),
1.87-1.76 (2H, m), 1.56-0.49 (14H, m), 0.80 (3H, s, CHj;), 0.60
(3H, s, CH,); dc (75 MHz, CDCl;-MeOD, 3 : 1) 213.5, 85.7, 77.4,
76.5,74.0, 53.2, 46.3, 45.7, 44.1, 38.1, 37.6, 35.3, 35.0, 34.0, 33.2,
31.0, 28.3, 20.4, 12.2, 10.8; m/z (EI+) 330.2187 (M*, C,;H;,0;

requires 330.2195. 8%), 312 (15), 297 (38), 231 (54), 217 (62), 173
(65), 159 (56), 119 (55), 105 (63), 91 (100), 79 (82).

16p,17p-Dihydroxy-5a,17a-pregnan-3-one (17). 170-Ethyl
triol 20 (0.350 g, 1.04 mmol) was stirred (20 was partially
insoluble) in CH,Cl, (3.0 mL). Phenylboronic acid (0.203 g,
1.7 mmol) was added, followed by 4 A molecular sieves (20).
After 5 minutes, the starting material had dissolved, and after
1 hour, TLC (ethyl acetate-hexane, 1 : 1) showed complete
conversion of starting material (R; 0.33) to the corresponding
boronic ester (R; 0.6). Additional CH,Cl, (2 mL) was added
followed by pyridinium chlorochromate (PCC)/alumina (3.3 g,
25% w/w). The reaction mixture was stirred for 3 hours after
which time TLC (ethyl acetate-hexane, 1 : 1) showed complete
conversion to intermediate product 29 (R; 0.7). The reaction
mixture was diluted with Et,O (20 mL) and filtered through a
pad of silica topped with celite, with Et,O (100 mL) elution.
Concentration in vacuo gave a colourless foam which was directly
dissolved in THF (9 mL) and treated with H,O, (30% aqueous
solution, 2.4 mL) and NaOH (12% aqueous solution, 1.5 mL)
for 1.25 hours. TLC (ethyl acetate-hexane, 1 : 2) suggested the
deprotection to be complete. The reaction mixture was diluted
with H,O (210 mL) and extracted into ethyl acetate (4 x 50 mL).
The combined ethyl acetate extracts were washed with saturated
Na,SO; solution (40 mL), saturated NaCl solution (50 mL),
then dried (Na,SO,) and concentrated in vacuo. The residue was
dissolved in CH,Cl,-MeOH and pre-adsorbed onto silica for flash
chromatography (ethyl acetate-hexane, 1 : 3 then 1 : 2), which
afforded diol 17 (0.248 g, 71%). R; 0.20 (ethyl acetate-hexane, 1 :
2); mp 170-175 °C; [a]Z +3.4 (¢ 0.71, CHCL); vy, /cm™' (KBr
disk) 3600-3000 (OH), 2927, 1710 (C=0), 1447, 1055, 999; oy
(200 MHz, CDCl;) 3.86-3.73 (1H, m, H16),2.99 (1H, br d, J 4.1,
16-OH), 2.76 (1H, br s, 17-OH), 2.48-1.93 (6H, m), 1.76-0.60
(16H, m), 1.00 (3H, s, CH;), 0.89 (3H, t, J 7.1, C,-H;), 0.84
(3H, s, CH;); d¢ (50 MHz, CDCl;) 212.2, 80.2, 72.8, 53.8, 46.6,
46.4,45.8, 44.6, 38.5, 38.0, 35.7, 35.5, 35.2, 32.3, 31.6, 28.7, 27.1,
20.9, 14.2, 11.4, 7.2; m/z (El+) 334.2515 (M*, C, H;,0; requires
334.2508, 25%), 247 (100), 229 (60), 217 (60), 159 (45), 91 (40).

Boronate ester mediated sulfation

Sodium 38,16p,17p-trihydroxy-17a-methyl-Sa-androstane 3-
sulfate (42). 170-Methyl triol 18* (0.030 g, 0.093 mmol) was
stirred (18 was partially insoluble) in a mixture of DMF-CH,Cl,
(1:1,0.3mL). Phenylboronic acid (0.018 g, 0.15 mmol) was added,
followed by 4 A molecular sieves (5). After 10 minutes, additional
CH,Cl, (0.05 mL) was added, and after another 10 minutes,
TLC (ethyl acetate-hexane, 1 : 1) showed complete conversion
of starting material (R; 0.2) to the corresponding boronic ester
(R; 0.5). Additional DMF (1 mL) was added, followed by sulfur
trioxide—pyridine complex (0.044 g, 0.28 mmol). The reaction
mixture was stirred for 70 minutes after which time TLC (ethyl
acetate-hexane, 1 : 1) showed incomplete conversion. Additional
sulfur trioxide—pyridine complex (0.024 g, 0.15 mmol) was added
and stirring continued (30 minutes). TLC (CH,Cl,-MeOH, 4 : 1)
showed a single spot (R; 0.4) due to intermediate product 43.
The molecular sieves were removed and the reaction mixture
was poured into saturated NaHCO; solution (30 mL), which
was extracted with ethyl acetate (1 x 20 mL) and CHCL,—'PrOH
(3: 1,3 x 20 mL). The organic extracts were dried (Na,SO,)
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and concentrated. The residue obtained was directly dissolved
in a mixture of THF-MeOH (2 : 1, 1.5 mL) and treated with
H,0, (30% aqueous solution, 0.23 mL) and saturated NaHCO;
solution (0.17 mL) for 10 minutes. TLC (CH,Cl,-MeOH, 4 : 1)
suggested the complete conversion to deprotected product (R; 0.3).
The reaction mixture was diluted with saturated Na,SO; solution
(30 mL) and extracted into CHCL,—PrOH (3: 1, 5 x 15mL). The
combined organic extracts were dried (Na,SO,) and concentrated
in vacuo. The residue was dissolved in CH,Cl,-MeOH and pre-
adsorbed onto silica for flash chromatography (CH,Cl,-MeOH-
H,0, 60 : 15 : 1), which afforded 3-sulfate 42 (0.031 g, 79%). R; 0.3
(CH,Cl,-MeOH-H,O0, 60 : 15 : 1); mp 176-179 °C; [a]5 —41.8 (c
0.22, MeOH); . /cm™! (film) 3700-3100 (OH), 2943, 2914, 1641,
1447, 1379, 1223 (0O-S0,), 1061; ¢4 (300 MHz, CDCl;-MeOD,
1:1)4.32-4.16 (1H, m, H3), 3.56 (1H, dd, J 8.0, 5.6, H16), 2.19—
1.94 (2H, m), 1.84-0.78 (17H, m), 1.07 (3H, s, CH;), 0.80 (3H, s,
CH;), 0.78 (3H, s, CHj;), 0.68-0.56 (1H, m); . (75 MHz, DMSO)
77.8,76.2,74.9, 53.8, 46.5, 44.5, 44.5, 36.6, 35.4, 35.2, 35.1, 34.9,
32.2, 31.6, 28.6, 28.3, 24.1, 20.2, 13.8, 12.0; m/z (ESI-) 401.1988
(CyH3306S requires 401.1998, 100%).

Boronate ester mediated alcohol protection

3p-(tert-Butyldimethylsilyloxy)-17a-methyl-5a-androstane-160,
17p-diol (46). 17a-Methyl triol 18% (0.250 g, 0.78 mmol) was
stirred (18 was partially insoluble) in a mixture of DMF-CH,Cl,
(1.3 : 1, 1.6 mL). Phenylboronic acid (0.151 g, 1.24 mmol) was
added, followed by 4 A molecular sieves (20). After 4 hours,
TLC (ethyl acetate—hexane, 1 : 1) showed complete conversion
of starting material (R; 0.2) to the corresponding boronic ester (R;
0.5). Additional DMF (0.7 mL) was added, followed by imidazole
(0.423 g, 6.21 mmol) and TBSCI. The reaction mixture was stirred
for 40 hours, when TLC (ethyl acetate-hexane, 1 : 4) showed a
single spot (R; 0.7) due to intermediate product 45. The reaction
mixture was diluted with ethyl acetate (30 mL) and filtered through
celite. Saturated NaHCO; solution (50 mL) was added, and the
layers separated. The aqueous portion was further extracted with
ethyl acetate (2 x 30 mL). The combined organic extracts were
washed with saturated NaCl solution (20 mL), dried over Na,SO,
and concentrated. The resulting residue was dissolved in THF
(7 mL) and treated with H,O, (30% aqueous solution, 1.7 mL)
and NaOH (3 M, 1.1 mL) for 4 hours. TLC (ethyl acetate-hexane,
1 : 4) suggested the deprotection to be complete. The reaction
mixture was diluted with H,O (100 mL) and extracted into ethyl
acetate (3 x 40 mL). The combined ethyl acetate extracts were
washed with saturated Na,SO; solution (30 mL), saturated NaCl
solution (30 mL), then dried (Na,SO,) and concentrated in vacuo.
The residue was dissolved in CH,Cl, and pre-adsorbed onto silica
for flash chromatography (ethyl acetate-hexane, 1 : 4 to 1 : 2),
which afforded diol 46 (0.248 g, 73%). R; 0.5 (ethyl acetate—hexane,
1:1); mp 216-220 °C; [a]? —18.0 (¢ 0.51, CHCL,); vy, /cm ™ (film)
3600-3000 (OH), 2931, 1377, 1360, 1250, 1091, 1070, 1053; oy
(200 MHz, CDCl;) 3.64 (1H, dd, J 8.0, 5.4, H16), 3.60-3.44 (1H,
m, H3), 2.64 (1H, br s, OH), 2.57 (1H, br s, OH), 2.26-2.08 (1H,
m), 1.74-0.78 (18H, m), 1.12 (3H, s, CH;), 0.88 (9H, s, (CH,);CS1i),
0.83(3H, s, CH;),0.81 (3H, s, CH3), 0.66-0.50 (1H, m), 0.04 (6H, s,
(CH;),Si); 6 (50 MHz, CDCl;) 79.2, 77.8, 72.1, 54.6, 47.1, 45.1,
449, 38.6, 37.2, 35.8, 35.6, 34.9, 32.5, 32.0, 31.9, 28.6, 25.9, 23.8,
20.6, 18.2, 13.6, 12.4, —4.6; m/z (E1+) 436.3364 (M*, C,sH0,Si

requires 436.3373, 2%), 379 (M*-'Bu, 100), 303 (10), 285 (26), 267
(30).

Conclusions

The selective manipulation of steroid hydroxyl groups in steroid
triols, using boronate ester protection of the vicinal diol, has
enabled the regioselective derivatisation of the remaining hy-
droxyl group. One-pot phenylboronate protection, followed by
regioselective oxidations, sulfations or silyl ether protections were
achieved, with subsequent oxidative deprotection of the boronate
ester rapidly providing the derivatised steroid. This methodology
has been applied to the efficient preparation of steroid antigens 5, 7
and 9 and sulfates 42 and 44. In the future, this methodology could
be extended to the preparation of further derivatised steroids, e.g.
glycosylated steroids.

A range of new steroid protein conjugates 7-10 have been
prepared. These are currently being applied to develop ELISAs as
screening tools for the detection of steroid metabolites. It is antic-
ipated based on previous results that these conjugates will provide
assays to detect D-ring structures associated with ethylestrenol
11, norethandrolone 12 and danazol 13, their metabolites and
structurally related steroids. The generation of antibodies and
the development of ELISAs is currently in progress and will be
reported elsewhere.
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The synthesis of a number of 1,4-bis(amino)anthracene-9,10-diones containing chlorine or sulfur which
are related to the anti-cancer drugs Ametantrone and Mitoxantrone are reported.
1,4-Dichloro-2,3-dihydro-5,8-dihydroxyanthracene-9,10-dione reacts readily with a series of
alkylamines to yield the corresponding 1,4-bis(alkylamino)-5,8-dichloroanthracene-9,10-dione after
oxidation. The subsequent reaction of the products with ethanethiol or thiophenol gives the
corresponding 1,4-bis(alkylamino)-5,8-bis(sulfanyl)anthracene-9,10-dione in good yield. Theoretical
calculations at the RHF 6-31G** level indicate that the introduction of either chlorine or the
phenylsulfanyl group into the 5- and 8-positions of 1,4-bis(alkylamino)anthracene-9,10-diones results
in a lowering of the LUMO energies suggesting that related functionalised derivatives might have lower

cardiotoxicities than Mitoxantrone.

Introduction

For well over a century substituted anthraquinones or anthracene-
9,10-diones such as those based on 1,4-bis(amino)anthracene-
9,10-dione (1a) and 1,4-bis(amino)-5,8-dihydroxyanthracene-
9,10-dione (1b) (Fig. 1), have been used as dyes or pigments
because of their high chemical, photochemical and thermal
stability." In the 1970s, however, new applications emerged for
these derivatives and Murdock and Child were the first to show
that the N-alkyl derivatives of (1b) were chemotherapeutically
active as anti-cancer agents.® Subsequently it was shown that
functionalised N-alkyl derivatives such as Ametantrone (1c)
and Mitoxantrone (1d) were highly effective anti-cancer drugs
with an efficacy and therapeutic index exceeding adriamycin,
methotrexate, or 5-fluorouracil.”'* However, while the additional
hydroxyl groups present at the 5- and 8-positions of Mitoxantrone
(1d) lead to tenfold increase in its antineoplastic activity over
Ametantrone (1c), this beneficial enhancement is unfortunately
countered by a tenfold increase in its cardiotoxicity.”* As a
consequence, the effectiveness of Mitoxantrone and Ametantrone
is similar at the optimal dose with the most common dose-
limiting factor being myelosuppression though in most cases
it is not severe or life threatening. Mitoxantrone (1c) is now
used for the treatment of adult acute myeloid leukaemia, for
symptomatic hormone-refractory prostate cancer, and multiple
sclerosis (MS).">' Mitoxantrone (1d) appears to be effective in
reducing disease progression through a variety of different mech-
anisms of action. For example, it suppresses the proliferation of
T cells, B cells, and macrophages, it impairs antigen presentation,
decreases the secretion of proinflammatory cytokines and inhibits
macrophage-mediated myelin degradation.'>!

The initial antineoplastic mode of action of both Ametantrone
(1¢) and Mitoxantrone (1d) almost certainly involves their inter-
calation into DNA which is facilitated by their planarity.”* This
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Fig. 1 Structures of 1,4-bis(alkylamino)anthracene-9,10-diones.

factor alone however does not explain their high activity as other
planar derivatives, such as 1,4-diaminoanthracene-9,10-dione
(1a), are inactive and removal of the terminal hydroxyl groups on
the side chain of (1d) leads to reduced activity.” Furthermore, the
distance between the two side chain nitrogen atoms of (1¢) and (1d)
is an important factor, with two carbons providing the optimum
value. The insertion of additional ethylamino groups into the side
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chains drastically reduces activity, indicating that additional basic
centres and lengthening of the side chain is undesirable. Finally
the nitrogen at the centre of the side chain plays an important role
in activity as no activity is found when it is replaced by a methylene
group or another atom such as sulfur.”!®

The structures of the DNA-anthracenedione intercalation
complexes' have been explored and established using physical
techniques such as electron microscopy* and high field NMR
spectroscopy,”? and modelled using computer graphics**2* and
ab initio calculations.”” However, a second mode of action always
follows the initial binding of the drug to specific base pair
sites leading to the death of the cell. Historically, this final
process has been attributed to nucleic acid condensations,?>* the
formation of free radicals,** a disruption of normal DNA protein
interactions during cell replication particularly an interference
with the normal mode of action of topoisomerase,*¢ and possibly
reaction with glutathione via an enzyme-mediated process.’” The
formation of free radicals in liver microsomes from several
cytotoxic alkylaminoanthracenediones, which have been detected
by ESR, has suggested that the killing mode may involve radical
anion intermediates formed during metabolic activation but other
studies have strongly linked this behaviour to the cardiotoxicity of
the drug.’* In general, enzymatic reduction of anthracene-9,10-
diones can either lead to the formation of a semiquinone by a one-
electron reduction process or a hydroquinone by a two-electron
reduction. It is well established that the semiquinone radical is
capable of transferring its electron to molecular oxygen to form
superoxide, a radical anion, which is now widely accepted to be
the cause of the cardiotoxicity of most anthracene-9,10-diones.**#!

In the present studies we have attempted to synthesise a
number of new 1,4-bis(alkylamino)anthracene-9,10-diones related
to Ametantrone (l¢) and Mitoxantrone (1d) but containing
either chlorine or sulfur on the ring in an attempt to restrict
the ability of the molecule to form superoxide from its radical
anion and hence reduce the cardiotoxicity of the drug. In this
approach we have explored two potential synthetic routes to both
1,4-bis(alkylamino)-5,8-dichloroanthracene-9,10-diones and 1,4-
bis(alkylamino)-5,8-bis(sulfanyl) anthracene-9,10-diones such as
(1e) and (1f) respectively starting from the readily accessible 1,4-
dihydroxy-5,8-dichloroanthracene-9,10-dione using simple alky-
lamines as reagents and precursors to the more complex side
chain present in both (1c) and (1d) (see later). In tandem we
have theoretically calculated the structures and properties of some
of these new 1,4-bis(alkylamino)-anthracene-9,10-diones to assess
the influence of both chlorine and sulfur on their likely reduction
potentials and binding characteristics.

Methods of calculation

Molecular orbital calculations were carried out on empirical
structures for the anthracene-9,10-diones at the ab initio RHF
level using the 6-31G** basis set of the GAMESS program*
(directives: runtype optxyz, scftype direct rhf). The fully optimised
structures and related crystal structures were displayed and
analysed using the SYBYL Molecular Modelling package.** The
following numbering convention was adopted for each structure
(Fig. 2)

Fig. 2 Numbering convention adopted for calculations on

1,4-bis(alkylamino)anthracene-9,10-diones.

Results and discussion

The introduction of chlorine or sulfur into the aromatic ring of
anthracene-9,10-diones would be expected to alter their electronic
properties and exert a marked effect on their reduction potentials
and hence their ability to reduce oxygen to superoxide. Superoxide
can act in both an oxidising and reducing reaction by accepting or
donating electrons respectively depending on its environment,**
but it can only be formed if the reduction potential of the
anthracene-9,10-dione radical anion is smaller (more negative)
than the O,/0,°~ couple at —325 mV.* Mitoxantrone (1d, denoted
AQ) has a reduction potential of —527 mV* for the couple
AQ/AQ ™ and it is therefore able to reduce oxygen to superoxide

leqn (D]:
AQ” +0,=AQ+0," (1)

In contrast, the O-acetylated derivative of Ametantrone (1c)
has a reduction potential of only —348 mV* and is therefore
a less potent source of superoxide anion. A similar reduction
potential has been reported for the related anthracyclines such as
Adriamycin at —341 mV*# but that for Daunomycin is slightly less
at —305 mV.*” Structural and substituent effects therefore play an
important role, as expected, in the ability of the anthracene-9,10-
diones to facilitate the formation of superoxide, but the effect of
chlorine or sulfur is not known, though both 1,4-bis(alkylamino)-
5,8-dichloroanthracene-9,10-diones and 1,4-bis(alkylamino)-5,8-
bis(sulfanyl)anthracene-9,10-diones such as (le) and (1f) would
be expected to have different electronic properties to the parent
drug which, could be potentially beneficial in terms of a reduced
ability to form radical anions while still showing good binding
characteristics to DNA.

Synthetic studies

In principle, 1,4-bis(alkylamino)-5,8-bis(sulfanyl)anthracene-
9,10-diones such as (1f) can be synthesised from 1,4-dihydroxy-
5,8-dichloroanthracene-9,10-dione by two routes (Fig. 3):

(1) displacement of both chlorine atoms with thiolate ions
to give 1,4-dihydroxy-5,8-bis(sulfanyl) anthracene-9,10-diones,
followed by subsequent reduction and amination with selected
amines;

(2) reduction and subsequent amination with alkylamines to
give 1,4-bis(alkylamino)-5,8-dichloroanthracene-9,10-diones fol-
lowed by displacement of both chlorine atoms with thiolate ions.

The starting material, 1,4-dihydroxy-5,8-dichloroanthracene-
9,10-dione (2), has been synthesised previously from the conden-
sation reaction of 3,6-dichlorophthalic anhydride with benzene-
1,4-diol in concentrated sulfuric acid with boric acid*® but in
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Fig. 3 Potential synthetic routes to 1,4-bis(alkylamino)-5,8-bis(sulfanyl)anthracene-9,10-diones.

these studies it was prepared by the direct chlorination of 1,4-
dihydroxyanthracene-9,10-dione in 65% oleum using boric acid
and iodine as catalysts.*?

1. Direct reaction of 1,4-dihydroxy-5,8-dichloroanthracene-
9,10-dione  with thiols. Although 1,4-dichloroanthracene-
9,10-dione reacts with thiophenol to yield 1,4-bis(phenyl-
sulfanyl)anthracene-9,10-dione,*®* the attempted displacement
of the chlorine atoms of 1,4-dihydroxy-5,8-dichloroanthracene-
9,10-dione (2) with various thiols was unsuccessful either in
air or under nitrogen. A reaction using sodium hydroxide and
thiophenol in ethanol led only to the formation of diphenyl
disulfide, and it is clear that the presence of the two electron
donating hydroxyl groups or their anions results in the molecule
being less reactive towards nucleophilic substitution. The use
of either potassium hydroxide, sodium carbonate or potassium
carbonate in place of sodium hydroxide as the base was also
unsuccessful and only the starting material was recovered. In
an attempt to modify the electronic properties of the starting

material and facilitate the nucleophilic displacement reaction, the
hydroxyl groups were methylated with dimethyl sulfate and a base
of potassium carbonate in acetone using a standard procedure to
give 1,4-dimethoxy-5,8-dichloroanthracene-9,10-dione. However,
the attempted reaction of this product with thiophenol in either
ethanol, DMF or DMSO was also unsuccessful and only the
starting material was recovered.

2. Reduction and amination of 1,4-dihydroxy-5,8-
dichloroanthracene-9,10-dione. As the direct thiolation reactions
were not successful, another pathway was sought to bypass
the suspected deactivation of the molecule by the hydroxyl
groups using the reduced or leuco form (3) of 1,4-dihydroxy-
5,8-dichloroanthracene-9,10-dione (2). It is well established
that the leuco form (4a) of 1,4-dihydroxyanthracene-9,10-dione
reacts readily with a variety of amines, such as n-butylamine
to form 1,4-bis(n-butylamino)anthracene-9,10-dione via the
intermediate (4b).>>5¢ While the leuco derivative (4a) can exist
in several tautomeric forms (Fig. 4), in practice, only one

R OH X R OH XH R OH X R o XH
R OH X R OH XH R o XH R o XH

(A) (B)

3 R=Cl;X=0
4aR=H;X=0

4b R = H; X =NCHy
4c R =H; X =NNH,

©) (D)

Fig. 4 Potential tautomers of the reduced forms of 1,4-disubstituted anthracene-9,10-diones.
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tautomer, 2,3-dihydro-9,10-dihydroxyanthracene-1,4-dione (A),
is found experimentally by NMR studies.® In contrast, the
preferred tautomeric form of the corresponding intermediate
leuco 1,4-bis(butylamino)anthracene-9,10-dione (4b) is thought
to be 1,4-bis(butylamino)-2,3-dihydroanthracene-9,10-dione
(D) on the basis of 'H and "C NMR data in CDCI;%
(Fig. 4). However, C NMR studies on the reduced form
of 1,4-bis(hydrazino)anthracene-9,10-dione (4c) appears to
show only the diimine, 1,4-bis(aminoimino)-2,3-dihydro-9,10-
dihydroxyanthracene (A).”’

The reduction of 1,4-dihydroxy-5,8-dichloroanthracene-9,10-
dione (2) using procedures which are known to reduce 1,4-
dihydroxyanthracene-9,10-dione, such as tin in acetic acid,®®
or aqueous sodium dithionite under alkaline conditions (our
preferred route),*® gives the leuco derivative (3) in yields of 64%
and 96% respectively with no apparent loss of the chlorine atoms.
As before, this product can in principle exist in one of the four
tautomeric forms shown (see Fig. 4; R = Cl; X = O), but the 'H
NMR spectrum in CDCl; only shows a sharp singlet consisting
of four protons at 3.0 ppm which is only consistent with 2,3-
dihydro-9,10-dihydroxy-5,8-dichloroanthracene-1,4-dione (3) and
structure type (A).

Although the corresponding reactions of 2,3-dihydro-9,10-
dihydroxy-5,8-dichloroanthracene-1,4-dione with amines might
be complicated by side reactions involving the ring chlorine atoms,
the reactions proceeded smoothly with a variety of alkylamines
and few by-products were detected.

Thus 2,3-dihydro-9,10-dihydroxy-5,8-dichloroanthracene-1,4-
dione (3) reacts readily with an excess of n-propylamine
(used as a solvent) in air to yield 1,4-bis(n-propylamino)-5,8-
dichloroanthracene-9,10-dione (le) in 32% yield (Fig. 5). The
reaction also proceeds readily in ethanol to give the same product
48% yield.

Fig. S

A similar reaction occurs with isobutylamine in ethanol to give
1,4-bis(isobutylamino)-5,8-dichloroanthracene-9,10-dione (1g) in
52% yield. Methylamine (20% in water) also reacts readily with

2,3-dihydro-9,10-dihydroxy-5,8-dichloroanthracene-1,4-dione to
yield  1,4-bis(methylamino)-5,8-dichloroanthracene-9,10-dione
(1h) in 43% yield. Likewise, the reaction of 2-aminoethanol with
2,3-dihydro-9,10-dihydroxy-5,8-dichloroanthracene-1,4-dione in
ethanol gives 1,4-bis(2-hydroxyethylamino)-5,8-dichloroanthra-
cene-9,10-dione (1i) in 64% yield.

The corresponding reactions of 2,3-dihydro-9,10-dihydroxy-
5,8-dichloroanthracene-1,4-dione (3) with N,N-dimethylethyl-
enediamine and N,N-diethylethylenediamine also occur to give
1,4-bis{[2-(dimethylamino)ethylJamino }-5,8-dichloroanthracene-
9,10-dione (1j) and 1,4-bis{[2-(diethylamino)ethyl]amino}-
5,8-dichloroanthracene-9,10-dione (1k) in 29% and 22%
yield respectively. These reactions suggest that the side chain
could be easily functionalised to contain the same [2-(B-
hydroxyethylamino)ethylamino] substituents as those found in
Ametantrone (1c¢) and Mitoxantrone (1d) though this aspect was
not examined in the present studies.

The 'H NMR data for all the 1,4-bis(alkylamino)-5,8-
dichloroanthracene-9,10-diones shows that NH proton split into a
triplet confirming that the molecules exists as tautomer (A) rather
than tautomer (B) (Fig. 6).

cl 0 R cl OH N|/\R
cl o W R a OH N R
A ®)

Fig.6 Potential tautomers of 1,4-bis(alkylamino)-5,8-dichloroanthracene-
9,10-diones.

The related amination of 2,3-dihydro-9,10-dihydroxy-5,8-
dichloroanthracene-1,4-dione (3) with aniline was unsuccessful
under similar conditions to those employed with alkylamines but
the reaction did occur in ethanol when boric acid was used as
a catalyst to give 1,4-bis(phenylamino)-5,8-dichloroanthracene-
9,10-dione (11) in 51% yield.

3. Thiolation of 1,4-bis(alkylamino)-5,8-dichloroanthracene-
9,10-diones. Despite the expected deactivating effects of the
alkylamino groups, the reaction of 1,4-bis(n-propylamino)-5,8-
dichloroanthracene-9,10-dione (1e) with potassium thiophenox-
ide proceeded readily in refluxing ethanol during two hours to
give  1,4-bis(n-propylamino)-5,8-bis(phenylsulfanyl)anthracene-
9,10-dione (1m) in 41% yield (Fig. 7). The yield improves to 66%
when DMF is employed as the solvent.

A similar reaction occurs with 2-ethanethiol during 2 h
to yield 1,4-bis(n-propylamino)-5,8-bis(ethylsulfanyl)anthracene-
9,10-dione (1f) in 62% yield. 1,4-Bis(isobutylamino)-5,8-
dichloroanthracene-9,10-dione (1g) also under goes thiolation
with both thiophenol and 2-ethanethiol under similar con-
ditions to yield 1,4-bis(isobutylamino)-5,8-bis(phenylsulfanyl)-
anthracene-9,10-dione (In) and 1,4-bis(isobutylamino)-5,8-
bis(ethylsulfanyl)-anthracene-9,10-dione (1o) in 37% and 41%
yield respectively.
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Similarly, thiolation of 1,4-bis[2-(hydroxyethyl)amino]-5,8-di-
chloroanthracene-9,10-dione (1i) with thiophenol and 2-ethan-
ethiol in DMF gives 1,4-bis[2-(hydroxyethyl)amino]-5,8-bis-
(phenylsulfanyl)anthracene-9,10-dione (1p) and 1,4-bis[2-(hydro-
xyethyl)amino]-5,8-bis(ethylsulfanyl)anthracene-9,10-dione (1q)
in 67% and 51% yield respectively. Likewise 1,4-bis(phenylamino)-
5,8-bis(phenylsulfanyl)anthracene-9,10-dione (1r) and 1,4-bis-
(phenylamino)-5,8-bis(ethylsulfanyl)anthracene-9,10-dione  (1s)
were synthesised in yields of 60% and 52% respectively from 1,4-
bis(phenylamino)-5,8-dichloroanthracene-9,10-dione (11) and the
appropriate thiols.

Under prolonged reaction times in DMEF, however, de-
alkylation occurs and both 1,4-bis(n-propylamino)-5,8-dichloro-
anthracene-9,10-dione (1e) and 1,4-bis[2-(hydroxyethyl)amino]-
5,8-dichloroanthracene-9,10-dione (1i) react with ethanethiol and
potassium hydroxide during 24 h reflux to give 1,4-bis(amino)-5,8-
bis(ethylsulfanyl)anthracene-9,10-dione (1u) as a major product.

It is not entirely clear why the thiolation of 1,4-bis(n-
propylamino)-5,8-dichloroanthracene-9,10-dione (le) proceeds
readily while the corresponding reaction of either 1,4-dihydroxy-
5,8-dichloroanthracene-9,10-dione (2) or 1,4-dimethoxy-5,8-
dichloroanthracene-9,10-dione does not. Both the n-propylamino
group, hydroxyl group and methoxyl group are electron donors
which would be expected to exert a deactivating effect on
nucleophilic substitution at the 5- and 8-positions. However, the
electron attracting carbonyl groups provide an opposite activating
effect especially when the oxygen atoms O15 and O16 are strongly

hydrogen bonded as in the first case to the propylamino hydrogen
atoms H18 and H20 respectively (Fig. 2). In the second case, it
is possible that the attacking nucleophile, RS™, initially prefers to
remove the acidic proton from the hydroxyl group of (2) to generate
a much less reactive 1,4-substituted-5,8-dichloroanthracene-9,10-
dione oxyanion. In the last case, the oxygen atoms O15 and O16
do not form hydrogen bonds with the methoxyl groups and the
carbonyl groups are therefore less effective electron attractors.

Molecular modelling studies

The insertion of either chlorine or sulfur atoms into the 5 and 8-
positions of 1,4-bis(alkylamino) anthracene-9,10-diones (1) would
be expected to change both the electronic properties of the
resulting molecule and the energy levels of the frontier orbitals.
In these studies we have assessed the likely effect of these changes
by theoretical calculations at the ab initio level using the 6-31G**
basis set. Initially, calculations were carried out on 1,4-bis(n-
butylamino)anthracene-9,10-dione (1t) whose crystal structure is
known®! not only to verify that the method provides a reasonable
account of the geometry, but also to provide a simple model for
Ametantrone (1c¢). Although the side chain is a critical factor in
the antineoplastic activity of Ametantrone (see above) it is not
thought to markedly affect the ability of the molecule to form the
semiquinone and subsequently generate superoxide (see below).

1. Geometries. The calculated results obtained on (1t) using
a starting conformation for the n-butyl groups which was based
on the crystal structure® show a reasonably good correlation with
the crystallographic data (Table 1) with the anthracene ring system
essentially planar and calculated C1-N17/C4-N19 and O15-
H18/016-H20 bond distances of 1.361 and 1.860 A versus average
values of 1.353 and 1.840 A respectively in the crystal structure.-2
However, the correlation is less satisfactory for the C6-016/C13—
015 bond lengths with calculated values of 1.210 A versus the
average experimental value of 1.255 A in the crystal structure
(Table 1) possibly because the latter form intermolecular hydrogen
bonds with adjacent molecules in the crystalline state. Despite this
apparent anomaly, further calculations were carried out on a rep-
resentative set of molecules all of which had been synthesised, to
gauge the effect of both chlorine and sulfur on the molecular prop-
erties. Calculations were carried on 1,4-bis(n-propylamino)-5,8-
dichloroanthracene-9,10-dione (1e) and 1,4-bis(n-propylamino)-
5,8-bis(ethylsulfanyl)anthracene-9,10-dione (1f) and the results
compared with and contrasted to those obtained for the simpler
n-butylamino derivative (1t). The effect of changing the alkylsul-
fanyl group to a phenylsulfanyl group was examined by calcu-
lating 1,4-bis(n-propylamino)-5,8-bis(phenylsulfanyl)anthracene-
9,10-dione (1m) while the effect of the N-alkyl group on the
molecular properties was examined by calculating the simpler 1,4-
bis(amino)-5,8-bis(ethylsulfanyl)anthracene-9,10-dione (1u). The
calculated results show that the anthracene-9,10-dione ring system
is essentially planar in all cases with the nitrogen atoms N17 and
N18 adopting a mainly planar sp®> conformation with C1-N17
and C14-N19 bond lengths of 1.36 A and C1-N17-H18 and C4—
N19-H20 angles of 116°. The C-S bond lengths of 1.77 to 1.80 A
for (1f), (1m) and (1u), and C-Cl bond lengths of 1.74 A for (1e)
are all consistent with values found in the Cambridge Structural
Database for related molecules.®
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Table 1 Geometries and properties of 1,4-bis(amino)anthracene-9,10-diones calculated at the 6-31G** level versus crystallographic data (CSD)*

Structure (1t) (CSD)* (1t) (1e) (1u) (1) (1m)

R n-Bu n-Bu n-Pr H n-Pr n-Pr
X H H Cl SEt SEt SCsH;
Distance

CIN17 1.359 1.361 1.361 1.361 1.363 1.362
CI14N19 1.347

HI8N17 0.805 0.991 0.990 0.991 0.991 0.991
H20N19 0.930

OI5H18 1.781 1.860 1.871 1.860 1.880 1.901
O16H20 1.899

O15C13 1.254 1.210 1.203 1.210 1.207 1.207
016C6 1.255

XC8/XCl11 1.738 1.770 1.788 1.799
Angles

CIN17H18 110.2 116.2 116.8 116.3

C4N19H20 110.4

Cl14C13015 123.1 122.9 121.2 122.9

C5C6016 122.4

SC11C12

Charges

015/016 —0.630 —0.603 —0.627 —0.629 —0.629
N17/N19 —0.782 —0.825 —0.805 —0.828 —0.825
H18/H20 0.363 0.363 0.362 0.363 0.360
S 0.314 0.314 0.408
Cl 0.065

Total —1946.6307 —1745.8344 —1980.0146 —2282.0211
energy/au

Dipole 2.004 3.0504 2.404 1.070 0.996
moment/D

HOMO/eV —6.808 —6.867 —6.858 —6.634 —6.729
LUMO/eV 0.971 0.920 1.040 1.046 0.838

“ Taken from the Cambridge Structural Database (Ref. 62). Bond lengths are in angstroms and angles are in degrees. * Ref. 61 (CSD code: CAMJOP).

2. Electronic properties. In the transition from 1,4-bis(n-
butylamino)anthracene-9,10-dione (1t) to either 1,4-bis(n-
propylamino)-5,8-dichloroanthracene-9,10-dione (1e), 1,4-bis(n-
propylamino)-5,8-bis(ethylsulfanyl)anthracene-9,10-dione (1f) or
1,4-bis(n-propylamino)-5,8-bis(phenylsulfanyl) anthracene-9,10-
dione (1m), although the substituent at the 5- and 8-positions
of the right hand ring of the anthracene-9,10-dione changes from
H to either Cl, SC,H; or SC4Hj, the calculated atomic charges at
the hydrogen atoms, H18 and H20, are largely unaffected and all
have a similar value of 0.36. However, the charges at the amino
nitrogen atoms, N17 and N18, differ and increase from —0.78 in
(1t) to —0.83 in the other cases (Table 1).

The carbonyl oxygen atoms, O15 and O16, which are in-
tramolecularly hydrogen bonded to H18 and H20, show different
trends with a smaller negative charge of —0.60 found in (le)
versus the value of around —0.63 in (1t), (1f) and (1m) possibly
reflecting the electron attracting effect of the chlorine atoms in the
former case. The positive charge of 0.31 calculated at the sulfur
atoms in both (1u) and (1f) probably reflects electron donation
through the ring to the nitrogen atoms, N17 and N18, as these are
more negatively charged than those in (1t). However, the larger
atomic charge of 0.408 for the sulfur atoms of the phenylsulfanyl
derivative (Im) (Table 1) possibly arises because of additional
electron donation from sulfur into the conjugated phenyl groups.
Alternatively, this change may simply reflect the fact that the sulfur
is bonded to an sp® carbon in (1f) but a more electronegative sp*
carbon in (Im). The chlorine atoms in (le) are also positively

charged though they exert a much smaller effect than the sulfur
atom does. The N-alkyl group clearly exerts a significant effect at
the nitrogen atoms as the charge increases from —0.81 to —0.83 in
moving from (1u) to (1f). The close similarity between the positive
atomic charges at the intramolecularly bound hydrogens, H18 and
H20, and negatively charged oxygen and nitrogen and atoms, O15,
016, N17 and N19 respectively, for all these molecules, coupled
with their planarity atoms suggest that all would intercalate into
DNA.

3. Frontier orbital energies. It is well established that the
calculated LUMO energies of many organic systems correlate
with the energies of formation of their radicals and radical
anions because this property is a reflection of their electron
affinity.® For example, in a recent relevant theoretical and
experimental study on related benzocarbazolediones and anili-
nenaphthoquinones a good linear relationship was found be-
tween the measured first reduction potential and the calculated
LUMO energies.** Furthermore, very recent work on substituent
effects in a number of quinones using density functional theory
has shown good correlations between the calculated electron
affinities based on the LUMO energies and the experimental
redox potentials.®® Similarly, the LUMO energies of the related
1,4-bis(amino)anthracene-9,10-diones (1) discussed here would
also be expected to reflect their likely reduction potentials to
form the radical anion or semiquinone. These values in turn
should also indicate the ability of the semiquinone (AQ'") to
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reduce oxygen to superoxide [eqn (1)] and thus mirror the likely
trends in their cardiotoxicities. Using the calculated LUMO
energy of 1,4-bis(n-butylamino)anthracene-9,10-dione (1t) as a
reference point at 0.971 eV (Table 1), as this is thought to be
directly related to the reduction potential of the anti-cancer drug
Ametantrone (1¢), the corresponding values for 1,4-bis(amino)-
5,8-bis(ethylsulfanyl)anthracene-9,10-dione (lu) and 1,4-bis(n-
propylamino)-5,8-bis(ethylsulfanyl)anthracene-9,10-dione (1f) at
1.040 and to 1.046 eV respectively are significantly larger than
(1t) and consequently the ethylsulfanyl groups would make the
reduction potential of the radical anion more negative. Although
it was originally anticipated that the vacant d orbitals on the
sulfur atoms would behave as electron attractors® and stabilise
the radical anion, the overall effect of sulfur in (lu) and (1f)
appears to be similar to the effect of oxygen in Mitoxantrone (1d)
which has a reduction potential of —527 mV.* It follows from the
calculations that both (1f) and (1u) would be expected to display
similar reduction potentials to Mitoxantrone (1d) and therefore
exhibit similar cardiotoxicities.

However, the LUMO energies of the other derivatives consid-
ered are more interesting and both 1,4-bis(n-propylamino)-5,8-
dichloroanthracene-9,10-dione (le) and 1,4-bis(n-propylamino)-
5,8-bis (phenylsulfanyl)anthracene-9,10-dione (1m) possess values
of 0.920 or 0.838 eV respectively following substitution at the 5-
and 8-positions of the ring (Table 1). This reduction from the value
found in the reference molecule (1t) probably reflects the effect
of the two electron attracting chlorine atoms on the one hand
which would be expected to stabilise a derived radical anion,
and the increased stabilisation arising from the presence of the
two attached phenylsulfanyl rings on the other which would be
able to distribute and accommodate the negative charge on a
derived radical anion. It follows that the reduction potentials of
both these molecules would be expected to be less negative than
that of Ametantrone (1c¢) assuming that the complex side chain is
not involved in the reduction step. An analysis of the composition
of the 6-31G** LUMO wavefunction for all the calculated
molecules confirms that it is composed primarily of n atomic
orbitals which are located on the anthracene ring only. For
example, in 1,4-bis(n-propylamino)-5,8-dichloroanthracene-9,10-
dione (1e) the 204 electrons are accommodated in the first 102
bonding MOs and an analysis of the LUMO (MO 103) shows
that it is mainly composed from 7 atomic orbitals at the ring
carbons and oxygen, with smaller contributions from nitrogen
and chlorine. There is no contribution from the saturated n-butyl
side chain and it is highly unlikely that the corresponding side
chain of Ametantrone would contribute either, as is not conjugated
with the aromatic ring. It follows that the trends in the LUMOs
reported here for the simple n-alkyl derivatives would probably
equally apply to related molecules which contain the optimal side
chain necessary for antineoplastic activity.

Conclusions

1,4-Bis(alkylamino)-5,8-dichloroanthracene-9,10-diones are read-
ily synthesised from the reaction of 1,4-dichloro-2,3-dihydro-
5,8-dihydroxyanthracene-9,10-dione with alkylamines such as n-
propylamine, isobutylamine, methylamine, 2-aminoethanol and
N,N-dimethylethylenediamine. A related reaction with ani-
line in the presence of boric acid gives 1,4-bis(phenylamino)-

5,8-dichloroanthracene-9,10-dione. The subsequent reaction of
the products with ethanethiol or thiophenol gives the corre-
sponding 1,4-bis(amino)-5,8-bis(sulfanyl)anthracene-9,10-dione
in good yield. Theoretical calculations at the RHF 6-31G** level
indicate that the presence of either chlorine or the phenylsulfanyl
group at the 5- and 8-positions of 1,4-bis(alkylamino)anthracene-
9,10-diones results in a lowering of the LUMO energies of (1e)
and (lm) suggesting that their reduction potentials would be
significantly different to the unsubstituted derivative (1t).

Experimental

All the reagents described including 1,4-dihydroxyanthracene-
9,10-dione were supplied by Sigma-Aldrich Chemicals. 'H NMR
spectra were recorded on a Bruker AC spectrometer at 400 MHz.
Chemical shifts are recorded in parts per million (J) relative
to tetramethylsilane in deuterated dimethyl sulfoxide (DMSO)
or chloroform (CDCl;). Mass spectra were recorded using the
EPSRC Mass spectrometry centre at Swansea using a VG ana-
lytical Quatro II triple quadrupole mass spectrometer. Accurate
masses were obtained on a Finngan MAT 900 XL using a
perfluorotributylamine as the reference compound for electron
ionisation and polyethyleneimine for chemical ionisations. Melting
points were recorded on an electrothermal digital melting point
apparatus. Most of the known products were synthesised using
literature procedures which are described in the text (above).
However, where the experimental procedure differed significantly
from that published, or the derivatives have not previously been
described, full details have been included.

2,3-Dihydro-9,10-dihydroxy-5,8-dichloroanthracene-1,4-dione (3)

This was prepared using modified literature procedures.**° (a) 1,4-
Dihydroxy-5,8-dichloroanthracene-9,10-dione (1.00 g, 3.3 mmol)
was added to a solution of sodium carbonate (1.4 g, 13.2 mmol)
and water (125 ml). The solution was heated until boiling and
sodium dithionite (1.7 g, 9.8 mmol) was added. Because of
incomplete reduction, it was necessary to add a further quantity
of sodium dithionite (0.50 g, 2.9 mmol) after 15 min to complete
the reduction. The precipitate was filtered off, washed with dilute
acetic acid until alkali free and dried in vacuo to yield the title
compound (0.90 g, 96%), mp 145 °C, (lit.,** 150 °C), o4 (CDCl;)
3.0 (4H, s), 7.6 (2H, s), 14.5 (2H, OH.,s). (b) 1,4-Dihydroxy-5,8-
dichloroanthracene-9,10-dione (1.00 g, 3.3 mmol) was added to a
mixture of tin (3.00 g, 24.4 mmol) and HCI (70 ml) in acetic acid
(50 ml). The mixture was heated to 90-95 °C for 24 h. The solution
was allowed to cool and the precipitate was filtered off, the solid
was washed with water and dried in vacuo to yield 2,3-dihydro-
9,10-dihydroxy-5,8-dichloroanthracene-1,4-dione (0.65, 64%), mp
147 °C, oy (CDCl;) 3.0 (4H, s), 7.6 (2H, s), 14.5 (2H, OH, ).

1,4-Bis(n-propylamino)-5,8-dichloroanthracene-9,10-dione (1e)

2,3-Dihydro-9,10-dihydroxy-5,8-dichloroanthracene-1,4-dione
(1.00 g, 3.2 mmol) was added to a solution of n-propylamine
(1.00 g, 17 mmol) in ethanol (25 ml) and the mixture was heated
for 1 h at 50-55 °C. The solution was allowed to cool, petroleum
ether 40-60 (25 ml) was added and the mixture stirred overnight.
The resulting solid was filtered off and purified via column
chromatography using an eluant of toluene 95% and chloroform
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5% to yield the title compound (0.60 g, 48%), mp 150 °C,
(CDCl;) 1.00 (6H, t), 1.50 (4H, m) 3.30 (4H, q), 7.10 (2H, s)
7.40 (2H, s), 10.30 (2H, NH t); m/z (EI) 390.0901, C,,H,,C,N,O,
requires 390.0902.

1,4-Bis(isobutylamino)-5,8-dichloroanthracene-9,10-dione (1g)

A similar procedure using isobutylamine (1.24 g, 17 mmol) in
place of n-propylamine gave the title compound (0.70 g, 52%), mp
154 °C, 6,; (CDCl;) 1.00 (12H, d), 2.00 (2H, m) 3.10 (4H, t), 7.10
(2H, s), 7.50 (2H, s), 10.40 (2H, NH, t), o 180.80, 145.75, 135.69,
133.44, 123.70, 113.30, 110.68, 61.55, 29.09, 20.92.

1,4-Bis(methylamino)-5,8-dichloroanthracene-9,10-dione (1h)

2,3-Dihydro-9,10-dihydroxy- 5,8 -dichloroanthracene-1,4-dione
(1.00 g, 3.2 mmol) was added to a solution of 20% methylamine in
water (4.96 g, 32 mmol) and the mixture was heated for 1 h at 50—
55 °C. The solution was allowed to cool, the resulting precipitate
filtered off, washed with water (50 ml) and purified by column
chromatography using an eluant of toluene 95% and chloroform
5% to yield the title compound (0.50 g, 47%), mp 145 °C, dy
(CDCl;) 3.00 (6H, d), 7.15 (2H, s), 7.45 (2H, s), 10.10 (2H, NH).

1,4-Bis|2-(hydroxyethyl)amino]-5,8-dichloroanthracene-9,10-dione
1)

2,3-Dihydro-9,10-dihydroxy- 5,8 -dichloroanthracene-1,4-dione
(1.00 g, 3.2 mmol) was added to a solution of 2-aminoethanol
(1.00 g, 16 mmol) in ethanol (25 ml) and was heated for 1 h at 50—
55 °C. The solution was allowed to cool, petroleum ether 40-60
(25 ml) was added and the mixture was stirred for overnight. The
resulting solid was filtered off and recrystallised from ethanol to
yield the title compound (0.80 g, 64%), mp 197 °C, Jy (CDCl,)
3.40 (2H, t), 3.60 (2H, q) 4.90 (2H, OH, s), 7.35 (4H, s) 7.60 (4H,
s), 10.30 2H, NH, t).

1,4-Bis{[2-(dimethylamino)ethyl]amino }-5,8-dichloroanthracene-
9,10-dione (1j)*

2,3-Dihydro-9,10-dihydroxy-5,8 -dichloroanthracene- 1,4-dione
(1.00 g, 3.2 mmol) was added to a solution of N,N-
dimethylethylenediamine (2.8 g, 32 mmol) in ethanol (25 ml)
and the mixture was heated for 2 h at 50-55 °C. The solution
was allowed to cool, petroleum ether 40-60 (25 ml) was added
and the mixture further cooled with ice. The resulting precipitate
was filtered off, added to a solution of diethyl ether (25 ml)
and methanol (25 ml) saturated with hydrogen chloride gas and
stirred for 15 min. The product was filtered off and purified by
column chromatography using an eluant of 10% methanol and
90% chloroform to yield the title compound (0.40 g, 29%), mp
255°C, 5, (DMSO-d¢) 3.20(12H, s), 3.30 (4H, 1), 3.50 (4H, q), 7.35
(2H, s), 7.65 (2H, s), 10.10 (2H, NH, t), o 179.91, 144.45,136.03,
132.23, 132.09, 124.66, 109.78, 55.55, 51.74, 46.79.

1,4-Bis{[2-(diethylamino)ethyl]amino }-5,8-dichloroanthracene-
9,10-dione hydrochloride (1k)

A similar procedure using N,N-diethylethylenediamine (2.80 g,
24 mmol) place of N,N-dimethylethylenediamine (2.80 g,
28 mmol) gave the title compound (0.30 g, 22%), mp 265 °C,

3y (DMSO-dq) 1.25 (12H, 1), 3.20 (8H, q), 3.40 (4H, 1), 3.90 (4H,
q), 7.60 (2H, s), 7.80 (2H, s), 9.90 (2H, NH, t), 10.90 (2H, HCI),
e 180.51, 144.04, 136.61, 132.54, 132.26, 124.20, 111.04, 49.94,
46.75, 37.36, 8.69.

1,4-Bis(phenylamino)-5,8-dichloroanthracene-9,10-dione (11)

A mixture of 2,3-dihydro-9,10-dihydroxy-5,8-dichloroanthracene-
1,4-dione (1.00 g, 3.2 mmol), aniline (3.00 g, 32 mmol) and boric
acid (0.40 g, 6.4 mmol) was heated for 4 h at 90-95 °C. The solution
was allowed to cool, the precipitate was filtered off, and purified
by column chromatography using an eluant of toluene 95% and
chloroform 5% to yield the title compound (0.35 g, 24%), mp
230 °C (lit., 234-235 °C%), oy (CDCl;) 7.00-7.30 (10H, m), 7.40
(2H, s), 7.50 (2H, s), 11.40 (2H, NH, s), o 182.26, 142.77, 139.97,
136.43, 133.60, 133.26, 129.92, 126.51, 125.30, 123.92, 113.42.

1,4-Bis(n-propylamino)-5,8-bis(ethylsulfanyl)anthracene-9,10-
dione (1f)

1,4-Bis(n-propylamino)-5,8-dichloroanthracene-9,10-dione (0.43 g,
1.1 mmol) was added to a solution of ethanethiol (0.68 g, 11 mmol)
and potassium hydroxide (0.62 g, 11 mmol) in DMF (25 ml) and
the solution was heated under reflux for 2 h. The DMF was
removed under vacuum distillation and the resulting solid was
washed with 10% potassium hydroxide solution (50 ml) and then
methanol. The crude product was purified by column chromatog-
raphy using an eluant of 90% toluene and 10% chloroform to yield
the title compound (0.30 g, 62%), mp 235 °C, 5, (CDCl;) 1.00 (6H,
t), 1.30 (6H, t), 1.70 (4H, m), 2.80 (4H, q), 3.20 (4H, q), 6.90 (2H,
s), 7.25 (2H, s), 10.30 (2H, NH, t).

1,4-Bis(isobutylamino)-5,8-bis(ethylsulfanyl)anthracene-9,10-
dione (10)

A similar procedure using 1,4-bis(isobutylamino)-5,8-di-
chloroanthracene-9,10-dione (0.43 g, 1.1 mmol) in place of the
n-propyl derivative gave the title compound (0.20 g 41%), mp
230 °C, oy 0.95 (12H, d), 1.30 (6H, t), 1.90 (2H, m), 2.80 (4H,
q), 3.05 (4H, t), 6.95 (2H, s), 7.30 (2H, s), 10.40 (2H, t, NH),
Jc 182.17, 137.02, 131.11, 128.23, 127.34, 124.48, 108.4, 49.63,
29.79, 28.79, 19.53, 11.80.

1,4-Bis|2-(hydroxyethyl)amino]-5,8-bis(ethylsulfanyl)anthracene-
9,10-dione (1q)

A similar procedure using 1,4-bis[2-(hydroxyethyl)amino]-5,8-di-
chloroanthracene-9,10-dione (0.43 g, 1.1 mmol) in place of the n-
propyl derivative gave the title compound (0.25 g, 51%), mp 254 °C,
Jou (CDCL) 1.10 (6H, t), 2.70 (4H, q), 3.30 (4H, q), 3.50 (4H, t),
7.20 (2H, s), 7.4 (2H, s), 10.10 (2H, NH); m/z (EI) 446.1336,
C,HN,0,S, requires 446.1334.

1,4-Bis(phenylamino)-5,8-bis(ethylsulfanyl)anthracene-9,10-dione
(1s)

A similar procedure using 1,4-bis(phenylamino)-5,8-di-
chloroanthracene-9,10-dione (0.50 g, 1.1 mmol) in place of
the n-propyl derivative gave the title compound (0.30 g, 52%), mp
215 °C, 0y (CDCl,), 1.35 (6H, t), 2.90 (4H, q), 7.00-7.50 (14H,
m), 11.75 (2H, NH, s), d. 184.74, 140.26, 139.77, 132.77, 132.22,
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129.89, 129.79, 128.50, 124.85, 124.79, 112.43, 26.79, 13.23; m/z
(EI) 510.1434, C;HxN,O,S, requires 510.1436.

1,4-Bis(n-propylamino)-5,8-bis(phenylsulfanyl)anthracene-9,10-
dione (1m)

1,4 - Bis(n - propylamino) - 5,8 - dichloroanthracene - 9,10 - dione
(0.43 g, 1.1 mmol) was added to a solution of thiophenol (1.20 g,
11 mmol) and potassium hydroxide (0.62 g, 11 mmol) in DMF
(25 ml). The solution was heated under reflux for 2 h and
the solvent was removed by vacuum distillation. The solid was
washed with 10% potassium hydroxide solution (50 ml) and then
methanol. The crude solid was purified via column chromatogra-
phy using an eluant of 90% toluene and 10% chloroform to yield
the title compound (0.40 g, 66%), mp 240 °C, dy (CDCl;) 1.00
(6H, t), 1.8 (4H, m), 3.30 (4H, q), 6.60 (2H, s) 7.40 (12H, m), 10.50
(2H, NH, t); m/z (EI) 538.1747, C;,H3N,0,S, requires 538.1749.
In an alternative procedure, the same reactants were refluxed in
ethanol (25 ml) for 2 h rather than DMEF. The solvent was removed
under vacuum distillation, the residual solid was treated as before
and purified via column chromatography using an eluant of 90%
toluene and 10% chloroform to yield the title compound (0.25 g,
41%), mp 240 °C.

1,4-Bis(isobutylamino)-5,8-bis(phenylsulfanyl)anthracene-9,10-
dione (1n)

A similar procedure using 1,4-bis(isobutylamino)-5,8-di-
chloroanthracene-9,10-dione (0.43 g, 1.1 mmol) in place of the
n-propyl derivative in DMF yielded the title compound (0.22 g,
37%), mp 240 °C, Jy (CDCl;) 1.00 (12H, d), 2.10 (2H, m), 3.30
(4H, t), 6.60 (2H, s), 7.50 (12H, m), 10.60 (2H, NH, t).

1,4-Bis|2-(hydroxyethyl)amino]-5,8-bis(phenylsulfanyl)anthracene-
9,10-dione (1p)

A similar procedure using 1,4-bis[2-(hydroxyethyl)amino]-5,8-di-
chloroanthracene-9,10-dione (0.43 g, 1.1 mmol) in place of the
n-propyl derivative in DMF gave the title compound (0.40 g,
67%), mp 260 °C, 65 (DMSO) 3.40 (4H, q), 3.75 (4H, t), 5.10
(2H, OH, s), 6.70 (2H, s), 7.50 (12H, m), 10.50 (2H, NH, s),
Jc 181.64, 145.64, 139.88, 135.95,133.33, 130.50, 130.45, 129.87,
129.17, 124.56, 108.77, 60.27, 45.19.

1,4-Bis(phenylamino)-5,8-bis(phenylsulfanyl)anthracene-
9,10-dione (1r)®®

A similar  procedure using 1,4-bis(phenylamino)-5,8-
dichloroanthracene-9,10-dione (0.50 g, 1.1 mmol) in place
of the n-propyl derivative in DMF gave the title compound
(0.40 g, 60%), mp 225 °C, Jy (CDCly) 6.65 (2H, s), 7.00-7.50
(22H, m), 11.85 (2H, NH, s), o 184.56, 143.46, 141.60, 137.44,
133.51, 131.34, 130.32, 130.29, 129.85, 129.49, 129.43, 127.91,
125.03, 124.38, 112.25.

1,4-Bis(amino)-5,8-bis(ethylsulfanyl)anthracene-9,10-dione (1u)

In a similar procedure and work up to that described for (1i) but
with an extended reaction time of 24 h resulted in de-amination
of the initial product to give the title compound (0.13 g, 25%), mp
256 °C, oy (DMSO) 1.40 (6H, t), 3.00 (4H, q), 7.20 (2H, s), 7.65

(2H, s), 8.20 (4H, s); m/z (EI) 358.0813, C;3sHsN,O,S, requires
358.0810. The same product (0.01 g, 22%) was isolated also from
the same procedure and work up to that described for (le) but
with an extended reaction time of 24 h.
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The first example of a designed receptor containing a cis-1,3-disubstituted cyclobutane ring has been
synthesized. This molecule binds diphosphoryl lipid A (a conserved portion of the Gram-(—) bacterial
cell membrane, and the causative agent of septic shock) with an affinity comparable to previously

described fer-cycloalkane based lipid A-binding compounds.

The design and synthesis of receptors for carbohydrates and
carbohydrate derivatives represents a key frontier for bioorganic
chemistry.! In addition to providing new insights into the basic
processes underlying molecular recognition of carbohydrates,?
novel synthetic receptors can serve as important tools in the eluci-
dation and control of carbohydrate-mediated cellular activities, as
components of biosensors® and, potentially, as therapeutic agents.*

Lipid A, the conserved headgroup of Gram-(—) bacterial
lipopolysaccharide® and a primary causative agent of bacterial
septic shock,® is a particularly interesting target for molecu-
lar recognition studies. Several naturally-occurring compounds,
including the well-studied antibiotic polymyxin B,” are known
to target lipid A. As part of a general effort directed towards
developing receptors for carbohydrates, we initiated a program to
examine the ability of stereoregular oligocycloalkane derivatives to
serve as lipid A receptors. We chose the oligocycloalkane scaffold
in part because of its similarity (in terms of size and anticipated
rigidity) to cholic acid, a compound that has proven useful as
a scaffold for the construction of lipid A binders.® In contrast
to cholic acid, however, we anticipated that the rer-cycloalkane
scaffold would permit more extensive variation, allowing for subtle
changes on structure and conformation to be examined. As we
reported previously, compound 1 (“TWTCP”) binds lipid A in
buffered aqueous solution with an affinity comparable to lipid A-
binding natural products.® In this paper, we report the synthesis
and preliminary evaluation of the first structural variant of
TWTCP incorporating a central cis-1,3-disubstituted cyclobutane
ring (“TW5457, 2).

Molecular mechanics analysis of the core scaffold 2 suggests
that it should have a slightly more linear structure than 1,
without dramatically altering the conformational energy profile
(Fig. 1). Therefore, we anticipated that 2 would likely retain lipid
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T Electronic supplementary information (ESI) available: X-Ray data for
compound 7 and additional UV-Vis and fluorescence titration data for
compounds 1 and 2. See DOI: 10.1039/b610727¢
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Scheme 1  Oligocycloalkane containing receptors 1 and 2 and precursors.

A binding ability, while potentially displaying subtle differences
in conformational dynamics. While trans-1,3-cyclobutanes have
been examined in the context of molecular recognition by other
researchers,' to our knowledge the use of a cis-1,3-disubstituted
cyclobutane as a core structural element is unprecedented.

Relative Energy (kcal/mol)
QO = N W & OO0 N 0O © O
-

180 210 240 270 300 330 360
Dihedral Angle (deg.)

Fig.1 Left: overlay of minimum-energy conformers of a fer-cyclopentane
scaffold (blue) and a cyclobutane analog (red). Right: inter-ring
dihedral angle drive (MMFFs force field,* GB/SA CHCI,"?
Maestro/Macromodel®®) for the cyclopentane-cyclopentane (black) and
cyclopentane—cyclobutane (grey) torsion.

Our intent from the outset was to synthesize 2 using a
bidirectional route analogous to that employed previously for the
synthesis of 1 (Scheme 1). Thus, cis-cyclobutane-1,3-dialdehyde
4 represented a key initial synthetic target, by analogy to the
synthesis of 1 from dialdehyde 3. Compounds of this type are
deceptively simple in appearance; however, relatively few examples
of cis-1,3-disubstituted cyclobutanes appear in the literature. The

This journal is © The Royal Society of Chemistry 2006
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two primary approaches to such compounds have either employed
a one-bond formation (cyclization) strategy," or cleavage of
the highly strained (and highly volatile) benzvalene''* for the
construction of the cyclobutane ring.

Because neither of these approaches seemed ideal, we initially
sought to adapt an intramolecular photochemical cycloaddition
of diacrylimides (Scheme 2). An analogous system derived from
methacrylimide was reported by Lalonde and Aksentijevitch as
providing the cis-1,3 isomer (6).” This assertion was subse-
quently confirmed spectroscopically by Bellus and coworkers.'
Preparation of the required diacrylimide (5) by alkylation of
acryloyl chloride and phenethyl amine proceeded smoothly in
73% yield. Subsequent photolysis and hydrolysis of the imide to a
monoamide-monocarboxylic acid provided a single cyclobutane
product; however, single crystal X-ray analysis] revealed that this
was not the desired 1,3-substituted compound, but rather the
cis-1,2-cycloadduct 7." Presumably, the reduced steric demand
of 5 (X = H) switches the mode of the cycloaddition, and we
are currently exploring alternative syntheses employing removable
groups at the a-position of the acryloyl functionality to overcome
this problem.

) R
o o b
OH 1) hv X 7‘)LN )fo hy O _N._0O
B —— —_—
NHR 2 KOH (aq) R X=CHs,  H,c CHs
X =H, R = CH,CH,Ph
9 R = CHyCHoPh s (refs 17 and 18) s

(this work)

Scheme 2 Intramolecular photocycloaddition products.

We next turned to the literature synthesis of cis-1,3-cyclobutane
carboxylic acid 8, originally reported by Allinger and coworkers.?
While not expedient (9 steps), this route permitted sufficient pro-
duction of cyclobutane 8 to permit carrying the synthesis forward
(Scheme 3). Reduction of the cis-1,3-cylobutane dicarboxylic acid
8 with a borane-THF complex afforded the diol (9) in 83% yield.
Conversion of diol 9 to a dialdehyde was accomplished via PCC
oxidation. Subsequent Horner—Wadsworth-Emmons olefination
by analogy to our previous efforts yielded several products;
separation and HPLC analysis indicated that a substantial fraction
of the material had epimerized under the reaction conditions to
provide a mixture of the cis- and frans-1,3-cyclobutane isomers.
This epimerization had not been a complicating factor in our
prior synthesis of TWTCP. One potential factor in this difference
is the higher s-character in the exocyclic bonds of cyclobutane
rings relative to cyclopentane rings, postulated as a factor in the
increased acidity of cyclobutyl protons in other studies, may
allow for more facile deprotonation of this system. Substitution
of Roush-Masamune conditions® in the olefination reaction
provided the desired cis compound (10) in 32% yield over two
steps from 9.

Double Diels-Alder reaction of 10 proceeded smoothly to
provide 11 (two inseparable diastereomers, only one of which
is shown) in 60% yield following chromatography. Interestingly,
compound 11 (and all subsequent compounds in the synthesis)
elutes as a single peak on normal phase and gradient reverse-
phase HPLC, as well as on several chiral HPLC columns. However,

1 CCDC reference number 616053. For crystallographic data in CIF
format see DOI: 10.1039/b610727¢
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Scheme 3 (a) | M BH;-THF (5 eq), THF, 12 h, RT, 83%; (b) PCC (3
eq.), CH,Cl,, RT, 4 h; (¢) (i-PrO),POCH,COCH,CH,Ph (2.4 eq.), DBU
(2.4 eq.), LiCl (2.0 eq.), CH;CN, RT, 8 h, 32% (over two steps); (d) Me;Al
(0.05 eq.), AICI; (0.5 eq.), CH,Cl,, 0 °C, 1 h, then cyclopentadiene (10
eq.), CH,Cl,, 4 °C, 12 h, 60%; (¢) LiAlH, (6 eq.), THF, RT, 4 h; (f) BzCl
(8 eq.), Et;N (9.25 eq.), CH,Cl,, RT, 4 h, 61% (over two steps); (g) O;,
MeOH-CH,Cl, (1 : 1), =78 °C, 1 h, then NaBH, (14 eq.), RT, 6 h, 58%;
(h) Boc—L-Trp (5.5 eq.), DCC (6.4 eq.), DMAP (3.6 eq.), CH,Cl,-DMF
(7 : 3) RT, 12 h; (i) TFA, triethylsilane, CH,Cl,, RT, 12 h, 14% (over two
steps).

BC NMR spectra clearly show doubling of several resonances,
indicating that 11 is most likely a mixture of meso and pseudo
C2-symmetric diastereomers. Because the primary goal of this
study was simply to demonstrate that compounds incorporating
the cis-1,3-disubstituted cyclobutane are able to bind lipid A, we
set the issue of diastereomeric purity aside for the time being
and proceeded with the synthesis. Subsequent reduction of 11
and derivatization with benzoyl chloride afforded 12 in 61%
yield over two steps. Ozonolysis of 12 followed by reductive
workup with NaBH, provided a 58% yield of the tetra alcohol,
13. Finally, DCC-mediated coupling of N-Boc-L-tryptophan and
global deprotection with trifluoroacetic acid provided the desired
receptor 2 in 14% yield over two steps.

Like 1, 2 is sufficiently soluble in buffered aqueous solution
to permit binding analysis by spectrophotometric methods. We
evaluated its affinity for diphosphoryl lipid A (14, from E. coli
F583, Rd mutant, and 15, from Salmonella minnesota Re595) by
UV-Vis titration in HEPES buffer at pH 7.0. An example titration
is shown in Fig. 2. We also confirmed the affinity of 1 and 2 for E.
coli F583, Rd mutant lipid A by fluorescence titration. In all cases,
changes in the absorbance (A, = 280 nm) or fluorescence (Ao, =
357 nm) of indole substitutents as a function of added lipid A were
observed. Both UV-Vis and fluorescence titration measurements
were corrected for sample dilution; UV-Vis titrations were also
corrected for the concentration-dependent absorbance of lipid
A. Asshown in Table 1, 2 binds lipid A with affinity comparable to
1. We observed only a slight difference in affinity between E. coli
and S. minnesota derived lipid A; these structures differ only in
the number of lipid chains (6 vs 7, respectively). This observation
supports a binding model in which 2 interacts primarily with
the diphosphoryl disaccharide headgroup of lipid A, rather than
with the lipid tails. Analysis of the interaction using the method
of continuous variation (Job plot) showed an inflection point
at approximately 50% mole fraction of 2; this provides strong
support for the existence of a 1 : 1 binding interaction (Fig. 3).
This also suggests that the lipid A binding constants for the two
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Fig. 2 UV-Vis titration of 6.0 uM TW545 (2) with 300 uM E. coli
diphosphoryl lipid A in 20 mM HEPES at pH 7.0. Extracted A, values
are corrected for lipid A absorbance and dilution of 2. A K, of 5.9 uM is
derived from nonlinear least-squares fit (dashed line) to a one-site binding
model.

diastereomers of 2 are similar, since one would expect to see
deviation from 1 : 1 binding behavior if the two diastereomers
present in the mixture had substantially different affinities for

lipid A.
2 O3PO/§S/
@\\
7 OPOzZ
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7 owo3
Conclusions

In conclusion, we have reported the first synthesis of 2, a cis-1,3-
cyclobutane analog of our previously disclosed lipid A receptor,

Table 1 UV-Vis titrations of lipid A into 1 and 2. Binding constants (K,)
are in uM

E. coli (14) S. minnesota (15)°

1 3.0+0.8
2 5.9 £ 1.5; 3.5 £ 0.3 (fluorescence)

6.0+ 1.6
6.5+1.1

“ Conditions: 20 mM HEPES, pH. 7.0.

0.14 4

0.12

0.10

0.08 -

0.06 H

Absorbance (280 nm)

0.04

. . : . . .

0.0 0.2 0.4 0.6 0.8 1.0
Mole Fraction 2

Fig.3 Job plot of E. coli diphosphoryl lipid A into 2 (total concentration

12.0 uM in HEPES, pH 7.00) is consistent with a 1 : 1 binding
stoichiometry.

TWTCP (1). This represents the first example of the synthesis of
a designed receptor incorporating a cis-1,3-disubstituted cyclobu-
tane moiety. The affinity of 2 for diphosphoryl lipid A in aqueous
solution is similar to that observed for TWTCP, suggesting that
this subtle structural modification does not diminish the binding
ability of the receptor. Additional experiments designed to explore
structural and conformational differences between TWTCP and
TW545, as well as synthetic studies designed to improve the
diastereoselectivity of the bidirectional Diels—Alder reaction, are
in progress.

Experimental

Allnonaqueous reactions were conducted in flame dried glassware,
under an atmosphere of N,, and were stirred with a Teflon coated
magnetic stir-bar, unless otherwise stated. Air-sensitive reagents
and solutions were transferred via syringe (unless otherwise stated)
and were introduced to the reaction vessel through a rubber
septum. Room temperature (RT) refers to ambient temperatures,
which is approximately 25 °C. Unless otherwise stated, tempera-
tures other than RT denote the temperature of the cooling/heating
bath. All distillations were performed under an N, atmosphere, or
under at reduced pressure aspirator (15-30 mm Hg), or vacuum
pump (>1 mm Hg). The phrase “reduced or concentrated in
vacuo” refers to removal of solvent by means of a Buchi rotary-
evaporator attached to an aspirator pump (10 mm Hg).
Purification by flash chromatography was performed following
the procedure of Still*® using the indicated solvent systems on
EM Reagents silica gel 60 (230-400) mesh. Analytical thin layer
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chromatography (TLC) was performed using EM silica gel 60 F-
254 pre-coated glass plates (0.25 mm). Visualization was effected
by short-wave UV illumination and/or by dipping the plate into
a solution of KMnOQO,, ceric ammonium molybdate (CAM), or
2,4-dinitrophenyl hydrazine (2,4-DNPH), followed by heating on
a hot plate.

Analytical purification using high pressure liquid chromatogra-
phy (HPLC) was performed on a Shimadzu LC-2010A (reverse
phase) and a Beckman 112 Solvent Delivery System and Waters
450 Variable Wavelength Detector set at 254 nm (normal phase).

Reagent-grade solvents were used without further purification
for all extractions and work-up procedures. Deionized water was
used for all aqueous reactions, work-ups, and for the preparation
of all aqueous solutions. Reaction solvents diethyl ether (Et,0),
tetrahydrofuran (THF), methylene chloride (CH,Cl,), triethy-
lamine (TEA), and dimethyl formamide (DMF) were obtained
from a Glass Contour solvent purification system.

Proton nuclear magnetic resonance (NMR) spectra were ob-
tained on a Bruker WH-400 (400 MHz), or an Avance 400
(400 MHz), or a Bruker-500 (500 MHz) instrument. Carbon
NMR spectra were obtained on an Avance 400 (75 MHz), or
on a Bruker-500 (75 MHz). Chemical shifts are reported in ppm
(0) relative to the appropriated deuturated solvent. Multiplicity
was designated by the following abbrevations and combinations
thereof: singlet (s), doublet (d), doublet of doublet (dd), doublet
of triplets (dt), multiplet (m). Infrared (IR) spectra were recorded
on a Perkin Elmer 1610 FT-IR spectrophotometer and are
reported in wavenumbers (cm™!) with a polystyrene standard.
High resolution mass spectrometry (HRMS) was performed at
the mass spectrometry facility at the State University of New York
at Buffalo, Buffalo, NY. The X-ray crystallographic dataj were
collected on a standard Siemens SMART CCD Area Detector
System equipped with a normal focus molybdenum-target X-ray
tube operated at 2.0 kW (50 kV, 40 mA).

Photochemical irradiations were carried out using a 450 W
Hanovia medium pressure mercury vapor arc lamp. The lamp
operates at an internal pressure between 1 to 10 atm and emits
radiation over the region of 200-1400 nm. Particularly intense
emissions are at 254, 313, 366, 435.8, and 546.1 nm. All solvents
used were degassed via bubbling nitrogen gas through the solution
for 30 min. The irradiations were carried out in immersion well-
type reaction vessels. The outer well was a three neck flask that held
250 ml of solvent. For larger scale reaction a 2000 ml graduated
cylinder was used. The inner well was a quartz glass immersion
well with a water cooled jacket. To select the lower wavelength
output from the lamp only quartz glassware was used. To filter
out 254 nm light and allow only wavelengths greater than 300 nm
a pyrex filter was used that surrounded the lamp.

N-Phenethyl diacrylimide (5)

Acryloyl chloride (4.63 ml, 56.97 mmol) was added to 55 ml of dry
methylene chloride at 0° C. To this cooled and stirred solution was
added dropwise over 20 min 2,6 lutidine (7.29 ml, 62.67 mmol).
The solution became orange in color. Phenethylamine (2.50 ml,
19.99 mmol) was then added dropwise via an addition funnel over
1 h. After the addition was complete, the reaction was stirred at 0°
C for 1 h, and then allowed to warm to room temperature. After
16 h at room temperature, the reaction was quenched with the

addition of 50 ml of 10% HCI. The organic layer was separated
and washed with 3 x 50 ml of 10% HCI, 1 x 50 ml water, 3 x 50 ml
saturated sodium bicarbonate solution. The organic layer was then
washed with brine solution, dried with magnesium sulfate, filtered,
and concentrated in vacuo to give a yellow oil. Purification of the
yellow oil via flash chromatography (silica, 75 : 25 hexanes—ethyl
acetate) yielded 5 as a light yellow oil (3.34 g, 14.59 mmol, 73%
yield). vy /cm™ (film) 3023, 1680, 1651, 1620, 1401, 1150; oy
(400 MHz, CDCl,) 7.32 (2H, t); 7.28-7.22 (3H, m); 6.59 (2H, dd,
J=3.2,13.6 Hz); 6.42 (2H, d, J = 9.2 Hz); 5.79 (2H, d, 5.8 Hz);
4.00 2H, t, J = 7.6 Hz); 2.93 (2H, t, J = 7.6 Hz); 6. (75 MHz,
CDCl;) 168.8, 138.1, 130.5, 129.9, 128.9, 128.6, 126.7, 46.3, 35.2;
HRMS m/z (EI) 229.1098 (M*. C,,H,sNO, requires 229.1103).

1,2-Monocarboxylic acid, mono N-phenethyl amide cyclobutane

Q)

N-Phenethyl diacrylimide (5) (1.661 g, 7.22 mmol) was dissolved
in 1400 ml of acetonitrile and was then degassed by bubbling
nitrogen through the solution. The solution was poured into a
2000 ml graduated cylinder and a quartz cooled water jacketed
photochemical immersion well was submerged into the solution.
A 450 W Hanovia medium pressure mercury vapor lamp was used
and the solution was irradiated for 18 h. The solution was then
concentrated in vacuo to yield a dark brown oil, and 75 ml of 3.5 M
KOH was added. The reaction was stirred at RT for 20 min and
then the solid was filtered off with suction filtration. The solid was
then washed with 3 x 25 ml of 3.5 M KOH to yield a light tan solid.
This was dissolved in 50 ml of 10% HCI, concentrated, and dried
in vacuo to yield a light tan solid (1.159 g, 4.693 mmol, 65% yield
over two steps). Crystals suitable for X-ray analysis{ were obtained
by dissolution in methanol followed by slow evaporation of the
solvent. v,,,,/cm™' (film) 3323, 2940, 1718, 1615, 1548, 1168; 5y
(400 MHz, CDCl;) 7.32 (2H, t); 7.28-7.20 (3H, m); 5.63 (1H, bs);
3.58 (2H, m); 3.42 (1H, m); 3.30 (1H, m); 2.84 (2H, t, J = 5.8 Hz),
2.49 (1H, m); 2.30-2.17 (3H, m); 6 (75 MHz, CDCl;) 172.5, 169.6,
134.7,124.8,124.7,122.5, 38.4,36.8, 36.7, 31.5, 18.7, 18.2; HRMS
m/z (EI) 247.1197 (M*. C,,H,,NO; requires 247.1208).

Ester 10

Pyridinium chlorochromate (3.724 g, 17.28 mmol) was dissolved
in 35 ml of CH,Cl, and the resulting orange slurry was stirred
vigorously. Diol 9 (668 mg, 5.76 mmol) was dissolved in 6 ml
of CH,Cl, and was then added dropwise to the solution over
20 min. The reaction was allowed to run for 4 h, at which time
monitoring via TLC indicated disappearance of starting material
and formation of an aldehyde (2,4-DNPH stain). The reaction was
then quenched with 150 ml of diethyl ether, and was stirred for 1 h.
The ether layer was decanted away from the black, tarry chromium
residue, filtered through a pad of Florisil, and flushed with 5 x
50 ml of ether. The solution was then concentrated very carefully
in an ice bath in vacuo to remove the majority of solvent. When
the total weight of the crude mixture became ~1 g, concentration
was stopped, and carried on to the next step.

Reagent quantities for the olefination step were calculated based
on an assumption that the maximum yield in the foregoing
reaction was 75%. To a stirred suspension of lithium chloride
(440 mg, 10.37 mmol) in 100 ml of dry acetonitrile was added
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(i-PrO),POCH,COCH,CH,Ph (5.10 g, 10.37 mmol) and then
10 min later was added 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU)
(1.29 ml, 8.64 mmol). The solution was stirred for 10 min, and the
crude cyclobutane cis-1,3-dialdehyde (~484 mg, 4.32 mmol) was
then added. After the addition of all of the reagents the lithium
chloride began to dissolve. The reaction was monitored via TLC
and after 8 h was complete. The reaction solution was quenched
with the addition of water (20 ml). The solution was extracted
with diethyl ether (4 x 100 ml). The organics were pooled and
washed with brine solution, dried with magnesium sulfate, filtered
and concentrated in vacuo to yield a yellow oil. Purification of
the yellow oil via flash column chromatography (silica, 80 : 20
hexanes—diethyl ether) afforded 10 as a light yellow oil (743 mg,
1.84 mmol, 32% over two steps, E,E : E,Z > 20 : 1). vy /cm™
(film) 2977, 1703, 1646, 1465, 1380, 1303, 1266, 1158, 1093; oy
(400 MHz, CDCl;) 7.31 (4H, t); 7.23 (6H, m); 7.10 (1H, dd, J =
15.6 Hz); 6.94 (1H, dd, J = 15.6 Hz); 5.75 (2H, dd, J = 15.6 Hz
); 4.35 (4H, q, ); 3.11 (1H, q); 3.03 (5H, m); 2.42 (1H, q); 2.21
(2H, t); 1.88 (1H, q); dc (75 MHz, CDCl;) 166.7, 151.7, 151.4,
137.9,128.9, 128.5, 126.6, 119.9, 119.7, 64.9, 35.2, 33.8, 33.6, 32.0;
HRMS m/z (EI) 404.1975 (M*. C,xHyO, requires 404.1988).

Diels—Alder adduct 11

Bis-dienophilic ester 10 (565 mg, 1.40 mmol) was dissolved into
5 ml methylene chloride. The solution was cooled to 0 °C for
15 min. Addition of (CH;);Al (0.045 ml, 0.07 mmol, 2.0 M
in hexanes) produced the evolution of small amounts of gas.
After allowing this mixture to stir at 0 °C for 10 min, AICl;
(0.70 ml, 0.70 mmol, 1.0 M in CH;NO,) was then added to the
solution via syringe, and the reaction was stirred for 5 min at
0 °C. Cyclopentadiene (924 mg, 14 mmol, 4.0 M in CH,Cl,) was
added via a syringe over 30 min (0.5 ml portions every 5 min). The
reaction was then warmed to 4 °C and allowed to proceed with
stirring for 12 h. The reaction was then quenched with pyridine
(0.2 ml) and warmed to RT. The resulting white slurry was filtered
through a plug of silica gel, and washed with diethyl ether (5 x
20 ml). The organics were reduced in vacuo. The pyridine and
CH;NO, were removed azeotropically via treatment with heptane
(4 x 10 ml). Final concentration in vacuo yielded a yellow residue.
Purification via flash chromatography (silica, 95 : 5, hexanes—
diethyl ether) afforded 11 as a yellow oil (449 mg, 0.84 mmol,
60% yield) v,.,/cm™ (film) 2961, 1721, 1468, 1380, 1168, 1091;
oy (400 MHz, CDCl;) 7.35-7.29 (4H, m); 7.26-7.22 (6H, m); 6.23
(2H, m); 5.83 (2H, apparent q); 4.35-4.21 (4H, m); 3.07 (2H, bs);
2.93 (4H, t, J = 7 Hz); 2.50 (2H, bs); 2.32 (2H, m); 2.17-2.04
(2H, m); 1.93-1.83 (3H, m); 1.81 (1H, m); 1.67 (1H, m); 1.57 (1H,
m); 1.48-1.33 (4H, m); . (75 MHz, CDCl;) 174.8, 174.5, 138.7,
138.5,137.9, 133.5, 128.8, 128.4, 126.4, 64.6, 50.3, 49.5,49.4, 46.2,
46.2,46.1,45.8,45.0, 36.8, 36.1, 35.1, 33.0, 31.1; HRMS m/z (EI)
536.2908 (M*: C3H,,O, requires 536.2927).

Dibenzoate 12

LiAlH, (140 mg, 3.774 mmol) was slurried into 12 ml of THF at
RT. Ester 11 (337 mg, 0.629 mmol) in 2 ml of THF was added
dropwise via syringe to this slurry over 15 min at RT. During the
addition, hydrogen gas was evolved. The mixture was stirred for
4 h at RT. It was then carefully quenched sequentially with water

(0.14 ml), 15% aq. NaOH (0.14 ml), and more water (0.42 ml).
The reaction formed a white precipitate, which stirred vigorously
for an additional 2 h at RT. The reaction mixture was filtered
through a plug of Celite and subsequently washed with ether (5 x
10 ml). The filtrate was dried over magnesium sulfate, filtered,
and reduced in vacuo to give a yellow oil that was used without
further purification. The crude oil was an inseparable mixture of
pheneythyl alcohol (1.258 mmol) and the desired diol. The diol was
slurried into 6 ml of CH,Cl, at RT. Sequential addition of benzoyl
chloride (706 mg, 5.032 mmol), and Et;N (0.80 ml, 5.832 mmol) at
RT caused the reaction to become a pale yellow. After stirring for
1 h at RT, the reaction began to form a white precipitate. After 4 h,
the reaction mixture was quenched with water (5 ml), and poured
into diethyl ether (20 ml). The layers were separated, and the
organic layer was washed sequentially with water (2 x 20 ml), 10%
HCI (3 x 20 ml), water (1 x 20 ml), and saturated aq. Na,CO; (3 x
20 ml). The organic layers were combined, washed with brine, dried
over magnesium sulfate, filtered, and reduced in vacuo to afford
a tan oil. Purification of the oil via flash column chromatography
(silica, 95 : 5 hexanes—ether) yielded 12 (194 mg, 0.382 mmol, 61%
yield over two steps) as a pale yellow oil v, /cm™' (film) 2961,
1711, 1445, 1385, 1272, 1114; y (400 MHz, CDCl,) 8.07 (4H, t);
7.62-7.40 (6H, m); 6.30-6.15 (2H, m) 6.10-6.03 (2H, m); 4.32-4.06
(2H, m); 3.97-3.81 (2H, m); 2.90-2.70 (2H, m); 2.56-2.20 (2H, m);
2.11 (1H, m), 2.03-1.85 (5H, m); 1.47-1.37 (5H, m); 1.31 (1H, m),
1.10 (1H, dd); 0.86 (1H, dd); . (75 MHz, CDCl;) 162.7, 134.5,
129.8, 128.9, 126.5, 125.6, 124.4, 64.9, 64.8, 46.6, 45.1, 45.1, 42.3,
42.1,41.2,40.6, 40.5, 40.4, 40.2, 32.7, 30.1, 28.0; HRMS m/z (EI)
508.2607 (M*. C;,H;340, requires 508.2614).

Alcohol 13

The dibenzoate 12 (158 mg, 0.311 mmol) was dissolved into 3 ml of
a solution of 1 : 1 CH,CL,—MeOH. This solution was then cooled
to —78 °C for 10 min. O; was bubbled through the solution at
a moderate rate, and after 1 h the solution became a persistent
blue color. After another 20 min of O; treatment, O; production
was discontinued, and O, was bubbled through the solution for
approximately 5 min to remove any excess O;. After the blue color
disappeared, the reaction was warmed from —78 to 0 °C and
maintained at 0 °C for 10 min. NaBH, (165 mg, 4.354 mmol)
was added slowly. (Caution: vigorous evolution of H, gas.) After
all of the NaBH, had been added, the reaction was stirred and
warmed slowly to RT over 30 min. Once at RT, the reaction was
stirred for an additional 6 h. 10% aq. HCI was then added until a
pH of 1.0 was reached, as measured by pH paper. The mixture
was diluted with ethyl acetate, and the layers were separated.
The aqueous layer was extracted with more ethyl acetate (3 x
20 ml) and the organic extracts were combined and then washed
sequentially with water (20 ml), sat. aq. Na,CO; (3 x 20 ml), and
brine solution (1 x 20 ml). The organic solution was then dried
over magnesium sulfate, filtered, and reduced in vacuo to afford
a white solid. The solid was purified via flash chromatography
(silica, 95 : 5 CH,Cl,-MeOH) to afford 13 (105 mg, 0.181 mmol,
58% yield) as a colorless o0il v,,,/cm™" (film) 3400, 2923, 1715,
1558, 1272, 668, 609; 6, (400 MHz, CDCl;) 8.17-8.02 (4H, m);
7.77-7.61 (2H, m); 7.60-7.48 (4H, m); 4.51-4.11 (4H, m); 3.83—
3.40 (8H, m); 2.61-2.42 (1H, m); 2.42-2.10 (7H, m); 2.10-1.73 (7H,
m); 1.608-1.57 (1H, m); 1.50-1.30 (2H, m); é. (75 MHz, CDCl;)
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161.7,132.8,130.2,130.1, 129.1, 128.2, 66.2, 65.6, 65.4, 65.2, 65.1,
62.1,62.1,49.9,49.8, 48.8, 48.7,46.1, 45.9, 44.1, 43.9, 43.7, 43.5,
43.4,43.2,42.9, 42.6, 37.1, 36.9, 36.6, 36.5, 32.7, 32.6, 31.7, 29.7;
HRMS m/z (MALDI) 603.2903 (M + Na*. C;,H,,O4Na requires
603.2953).

Receptor 2

Alcohol 13 (32 mg, 0.055 mmol) was dissolved into 1 ml of
DMF. Boc-L-tryptophan (92 mg, 0.303 mmol) was added to the
solution, followed 10 min later by DCC (73 mg, 0.352 mmol), and
by DMAP (24 mg, 0.196 mmol) after another 10 min. This solution
was stirred at RT for 21 h, at which point a significant amount of
white solid had precipitated. The mixture was filtered through
Celite to remove the precipitant, and the pad was washed with
ethyl acetate (5 x 10 ml). The organics were combined, and were
washed sequentially with 1% HCI (4 x 10 ml), water (I x 10 ml),
sat. aq. NaHCO; solution (4 x 10 ml), and brine solution, dried
over sodium sulfate, and then filtered through filter paper. The
solution was then filtered through a pad of Celite to remove any
remaining white solid, and was reduced in vacuo affording a light
tan residue (117 mg) that was used without further purification.
The crude Boc-protected tetratryptophaninate was dissolved into
0.84 ml of CH,Cl,. In a separate vial, 0.361 ml of trifluoroacetic
acid, 0.180 ml of triethyl silane, and 0.3 ml of CH,Cl, were mixed
and then added dropwise via a syringe over 15 min to the Boc-
tryprophaninate solution. The reaction was allowed to run for
12 h and was then concentrated in vacuo to afford a yellow oil.
The residue was purified via reverse-phase HPLC using gradient
elution (linear gradient of 90 : 10 0.1% TFA in water—0.1% TFA
in CH;CN to 100% of 0.1% TFA in CH;CN over 30 min) to give
2 as a light tan—yellow viscous oil (10 mg, 0.0076 mmol, 14% yield
over two steps) Vs, /cm~! (film) 3357,2924, 1684, 1272, 1204, 1134,
1025; 0y (400 MHz, CD;0D) 8.00 (4H, bs); 7.67-7.32 (15H, m);
7.25 (11H, m); 4.44-4.24 (6H, m); 4.24-3.87(12H, m); 3.87-3.77
(2H, m); 3.71-3.65 (2H, unresolved t); 3.63-3.54 (2H, m); 3.39
(8H, bs); 2.43-2.25 (2H, m); 2.14-1.89 (8H, m); 1.88-1.47 (12H,
m); 1.44-1.27 (4H, m); 1.04-0.86 (1H, bm), 0.75-0.61 (1H, bm); d¢
(75 MHz, CD,0D) 169.2, 166.4, 136.8, 136.8, 133.1, 129.9, 129.9,
129.2,129.1, 128.3, 126.8, 124.2, 124.0, 121.6, 118.9, 117.5, 111.4,
111.4,66.4,66.2,66.2, 53.3,43.9,43.5,43.2,43.0,41.8, 40.1, 40.1,
39.6,39.4, 36.2, 36.0, 29.3, 28.5, 26.9, 26.6, 26.5; LRMS m/z (ES)
1325.4 (M + H*. CxHgsNgOy, requires 1325.6).

Lipid A and LPS preparation

Diphosphoryl lipid A Escherichia coli F583 (Rd Mutant) or LPS,
was obtained from Sigma Chemical Company and used without
purification. The diphosphoryl lipid A was first suspended in
doubly distilled water, then diluted by half in 40.0 mM HEPES
buffer, pH 7.00. The diluted diphosphoryl lipid A sample was
then sonicated for 30 min at room temperature. Finally, the
diphosphoryl lipid A sample was heat cycled no fewer than
four times between 4 and 70 °C, then stored at 4 °C for 12 h
before use.

General procedure for UV-vis titrations

A 600 pl, 12.0 uM solution of 2.1 or 2.14 in 20.0 mM HEPES,
pH = 7.00 was allowed to equilibrate in a 1.0 ml quartz UV cell

at ambient temperature in a Shimadzu 1600-PC UV spectropho-
tometer. Tryptophan indole absorbance was monitored at 280 nm
to ensure a completely equilibrated solution had been obtained.
Aliquots of 2.0 ul of a 150 uM diphosphoryl lipid (prepared as
described above) were sequentially added to the cuvette. After each
addition, the solution was allowed to equilibrate for a minimum
of 10 min, then scanned for absorbance from 500-220 nm. The
control experiment of diphosphoryl lipid A titrated into HEPES
buffer was subtracted from each of the titration experiments. Other
titrations discussed in the text were carried out analogously.

General procedure for fluorescence titrations

A200ul, 12.0puM solution of 2.1 or 2.14in 20.0 mM HEPES, pH =
7.00 was allowed to equilibrate in a 0.3 ml quartz fluorescence cell
at ambient temperature in a Aminco-Bowman Series 2 Lumines-
cence Spectrometer Fluorometer. Tryptophan indole emission was
monitored at 357 nm to ensure a completely equilibrated solution
had been obtained. Aliquots of 1.0 pl of a 150 uM diphosphoryl
lipid A were sequentially added to the cuvette. After each addition,
the solution was allowed to equilibrate for a minimum of 10 min,
then excited at 280 nm and emission was monitored between
300-400 nm. The control experiment of diphosphoryl lipid A
titrated into HEPES buffer showed zero fluorescence; thus, was
not subtracted from the fluorescence data. Other fluorescence
titrations discussed in the text were carried out analogously.
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The glycocalyx of eukaryotic cells is composed of glycoconjugates, which carry highly complex
oligosaccharide portions. To elucidate the biological role and function of the glycocalyx in cell—cell
communication and cellular adhesion processes, glycomimetics have become targets of glycosciences,

which resemble the composition and structural complexity of the glycocalyx constituents. Here, we

report about the synthesis of a class of oligosaccharide mimetics of a high-mannose type, which were
obtained by mannosylation of spacered mono- and oligosaccharide cores. These carbohydrate-centered
cluster mannosides have been targeted as inhibitors of mannose-specific bacterial adhesion, which is
mediated by so-called type 1 fimbriae. Their inhibitory potencies were measured by ELISA and
compared to methyl mannoside as well as to a series of mannobiosides, and finally to the

polysaccharide mannan. The obtained results suggest a new interpretation of the mechanisms of

bacterial adhesion according to a macromolecular rather than a multivalency effect.

Introduction

Eukaryotic cells are covered by a nano-dimensioned carbohydrate
layer, which is called the glycocalyx. The glycocalyx consists of
a large number of structurally highly diverse glycoconjugates,
which are partly embedded in the cell membrane with their non-
carbohydrate moiety or stick to the cell surface by other non-
covalent interactions.!

Research in the field of glycobiology has revealed that the
glycocalyx is essential for cellular communication® however, the
principles and mechanisms underlying its biological function are
not well understood and are difficult to investigate.

Particularly, this is due to the enormous complexity of the gly-
cocalyx, which can be regarded as a molecular super-system. One
useful approach in coping with the problems of experimental car-
bohydrate biology is the synthesis and investigation of molecules,
which mimic the highly complex and hyperbranched character of
the glycoconjugates found in the glycocalyx. Many examples of
such glycomimetics have been published and reviewed.®* Among
the different architectures which have been employed for the
conjugation of glycoligands, the use of carbohydrates as core
molecules has led to the synthesis of the so-called carbohydrate-
centered glycoclusters.*

These often large molecules have been built up using monosac-
charide cores, which were uniformly spacer-modified at their
hydroxyl groups to prevent steric hindrance upon ligation with
peripheral carbohydrates. For such spacered core molecules the
name ‘octopus glycosides’ has been coined alluding to their multi-
arm like shape.’

Many different chemistries have been used for ligation of
glycoligands to the oligofunctional carbohydrate cores,* among

Otto Diels Institute of Organic Chemistry, Christiana Albertina University
of Kiel, Otto-Hahn-Platz 4, 24098, Kiel, Germany. E-mail: tklind@oc.uni-
kiel.de; Fax: (+49)431 880 7410

which only glycosylation leads to products which closely resemble
the composition of structures found in nature. This approach is
outlined in Fig. 1. As octopus-type core molecules, uniformly O-
(o-hydroxy-spacer)-modified glycosides are employed, which are
turned into carbohydrate-centered cluster glycosides by classic
glycosylation. Degradation of such oligosaccharide mimetics
should lead to compounds found in the natural environment as
the only degradation products, namely the sugar components and
ethylene or propylene glycol.

The degree of difficulty of this synthetic pathway is mainly
defined by the glycosylation step, which is complicated by steric
hindrance occurring in the formed products. This demanding
oligo-glycosylation reaction can be regarded as a multi-step
synthesis as the reactivity of partially glycosylated intermediates
decreases with increasing degree of glycosylation, the last glyco-
sylation step becoming the most difficult one.

We have recently tackled this problem in the preparation of
anomerically functionalized carbohydrate-centered glycoclusters
and have achieved the exhaustive mannosylation of four hydroxyl
groups using the mannosyl donor 3 (Scheme 1).° Then it has
become our goal to establish this chemistry for the exhaustive
glycosylation of octopus glycosides based on monosaccharide as
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Fig. 1 This cartoon exemplifies the structure of O-(w-hydroxy-spacer)-modified glycosides (I), which can be used as oligofunctional scaffold molecules
of an “octopus-type”. They can be turned into carbohydrate-centered cluster glycosides (II) by classic glycosylation.

well as oligosaccharide cores. This would allow us to access a class
of high-molecular weight oligosaccharide mimetics, which in the
case of hydrolysis, deliver propylene oxide as the only byproduct
in addition to the sugar constituents.

The first carbohydrate core we used in these experiments was
D-glucose, and for further studies we selected two disaccharides
and one trisaccharide (c¢f. Scheme 2a). For glycosylation of the
carbohydrate-derived core molecules we chose o-mannosylation
for two reasons: (i) high mannose-type glycoclusters are of consid-
erable biological interest” and (ii) a-mannosylation is afflicted with
the problem of glycosyl orthoester formation® which we wished to
solve.
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Results and discussion
Synthesis of the mannosyl donor

For mannosylation of the diverse spacer-modified carbohydrate
cores, the trichloroacetimidate method was selected.® To reduce the
probability of glycosyl orthoester formation during the mannosy-
lation step benzoyl protective groups were used instead of acetyl
groups.”® As we anticipated that we would need a considerable
excess of glycosyl donor to achieve high yields, we first optimized
the synthesis of the mannosyl trichloroacetimidate 3 (Scheme 1).
The synthesis of the reducing sugar 2 from the pentabenzoate 1
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could be significantly improved. While anomeric deacetylation is
easily achieved in good yield by different procedures," regioselec-
tive 1-O-debenzoylation is less common, especially in the manno
series. We found that ethanolic dimethylamine' can be used to
effect anomeric debenzoylation of 1 in pyridine solution, yielding
2 in nearly 80% after 1.5 h."® In addition, the synthesis of the
imidate 3 was optimized by a prolonged reaction time of 12 h,
which increased the yield in this step from the reported 75% (3 h
reaction time)™ to 97%.

Oligomannosylation of a spacered glucose core

The mannosyl trichloroacetimidate 3 was then employed for
the glycosylation of all five hydroxyl groups of the octopus
glucoside 6 (Scheme 3). As previously reported,® this uniformly
O-(3-hydroxypropyl)-modified pentanol can be readily prepared
starting from the fully O-allylated glucose derivative 5, which is
derived from allyl a-D-glucoside (4). A hydroboration—oxidation
sequence leads to 6 in high yield. The published procedure for the
synthesis of 6° was modified in that the reaction mixture was kept
at reflux temperature for 1 h during hydroboration.

cl
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The first attempt of mannosylation of the core molecule 6 using
the glycosyl donor 3 to achieve 7 was hampered by the formation
of glycosyl orthoester byproducts. This finding was unexpected
because it has been reported that the benzoyl-protected mannosyl
trichloroacetimidate 3 does not to lead to orthoester formation
in other difficult glycosylation reactions such as in case of the
mannosylation of a tether-functionalized carbohydrate-centered
tetraol® or in the mannosylation of sterically hindered polyols.’®
Unfortunately, formation of glycosyl orthoester byproducts dur-
ing the mannosylation of spacered carbohydrate cores remained a
severe problem throughout all the work reported here.

It turned out that orthoester formation during the attempted
synthesis of 7 could be avoided when a large excess of the
imidate 3 and elevated TMSOTT concentrations were used in
the glycosylation step. Exhaustive mannosylation of all hydroxyl
groups was accomplished in very concentrated solution, using
10 mg acceptor in 1 ml CH,Cl,. This optimized mannosylation
protocol delivered the target cluster mannoside 7 in quantitative
yield. The '"H NMR spectrum of this cluster is complex however,
it can be fully assigned. The chiral core glucose influences its
periphery, resulting in different signal sets for the protons of each
individual mannosyl residue.

Subsequent deacylation of 7 under Zemplén conditions' finally
furnished the unprotected target glycocluster 8 after 2 days, in high
overall yield.

When this synthetic pathway had been elaborated with glucose
as the core, we set out to apply this successful approach to
di- and oligosaccharides. Three sugars were selected as starting
material, the disaccharide allyl melibioside (mel series) and the
non-reducing glycosides trehalose (tre series) and raffinose (raf
series) (Scheme 2a). Whereas melibiose and trehalose are eight-
functional scaffolds, suited to the assembly of eight mannosyl
residues, even eleven sugar rings can be attached to a raffinose-
derived scaffold molecule.

Firstly, we anticipated that the reaction conditions established
for the synthesis of the glucose-centered derivatives 5-8 (Scheme 3)
would also be suited to perform the analogous chemistry starting
from allyl melibioside (4-mel), trehalose (4-tre) and raffinose
(4-raf), respectively. However, it turned out that some reaction
conditions had to be optimized for every individual sugar which
was used as the carbohydrate core.

While for the allylation of 4, phase transfer catalysis with
TBABY, 33% NaOH and allyl chloride was successful (Scheme 3),
perallylation of the higher polar trehalose 4-tre under the same
conditions gave only poor results. Perallylation of 4-tre to form
5-tre was achieved with NaH and allyl bromide in DMF. Hydro-
boration of perallylated trehalose 5-tre to form 6-tre,'” as well as
of the melibiose- and the raffinose-centered analogs 5-mel and 5-
raf, proceeded as with the glucose derivative 5 however, instead
of using MgSQO, as a drying reagent, Sephadex LH-20 had to be
employed with dry methanol as the eluent.

For the critical mannosylation step, which leads to the desired
carbohydrate-centered oligomannoside mimetics (Scheme 2b), the
solubility of the carbohydrate-centered oligo-alcohols was an
important parameter. Because 6-tre, 6-mel, and 6-raf were of
higher polarity than the glucose-centered pentaol 6, which is
even soluble in CH,Cl,, glycosylation had to be performed in a
more polar solvent than CH,Cl,. Complete mannosylation of the
trehalose-centered octaol 6-tre'” with 3 as the donor was possible
in acetonitrile. In contrast to glycosylation of 7, mannosylation of
6-tre in acetonitrile had to be carried out in very dilute solution
with less that 0.1 mg acceptor per 1 mL acetonitrile.

Our search for optimized mannosylation conditions was
doomed to navigate between three undesired complications (i)
incomplete mannosylation, thus leading to structural defects in the
respective product, (ii) orthoester formation and (iii) cleavage of an
interglycosidic bond. The reaction conditions had to be carefully
fine-tuned for each case in order to obtain perfect products.
Optimization of the various glycosylation parameters was possible
by close monitoring the glycosylation reaction and the subsequent

This journal is © The Royal Society of Chemistry 2006
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deprotection step by MALDI-TOF MS. The optimized reaction
conditions reported here (¢f. Experimental section), resulted from
25 glycosylation experiments.

To achieve complete mannosylation of 6-tre, 6-mel, as well as
6-raf, higher temperatures at the beginning of the glycosylation
reaction turned out to be beneficial. However, the interglycosidic
bonds in trehalose, melibiose, and raffinose, respectively, are of
different stability and are sensitive to elevated reaction tempera-
tures. When the raffinose-centered polyol 6-raf (Scheme 2b) and
the melibiose-centered polyol 6-mel were glycosylated for 2 h at
80 °C, the o(l — 6)-interglycosidic bond in melibiose remained
unaffected, whereas the a(1 — 1)-interglycosidic linkage between
the melibiose and fructose subunits of raffinose was completely
cleaved. Finally we found out that for the mannosylation of the
melibiose-centered oligo-alcohol 6-mel the reaction mixture was
best kept at 75 °C for 2 h and then stirred at room temperature,
whereas in the case of the trehalose analog, 6-tre stirring for 2 h
at 60 °C gave the best results. The raffinose analog 6-raf was kept
at 60 °C for only 10 minutes before the glycosylation mixture was
further stirred at room temperature.

The excess of mannosyl donor 3, which was used, as well
as the amount of Lewis acid employed, could be tuned to an
optimum, which was common for all three oligosaccharide series.
The reaction time was of minor importance for the result of the
glycosylation reaction.

Spectroscopic characterization of the carbohydrate-centered
cluster mannosides 7-mel, 7-tre and 7-raf, respectively, was
possible by means of 2D-NMR and mass spectrometry. As
the formation of f-mannosides during mannosylation reactions
using trichloroacetimidates in acetonitrile was reported in the
literature,™ the anomeric configuration of the prepared cluster
mannosides was confirmed by means of their J¢,u, hetero
coupling constants, which are significantly lower for a-mannosides
than for the respective p-anomers."

Unfortunately, deprotection of the O-benzoylated glycoclusters
7-tre, 7-mel and 7-raf (Scheme 2b) was not trivial. While the ben-

zoylated glucose-centered cluster glycoside 7 could be deprotected
under standard Zemplén conditions,' a stepwise deprotection
protocol was necessary for the oligosaccharide-centered cluster
mannosides. In this procedure the benzoylated sugar was first
dissolved in THF and treated with methanolic sodium methox-
ide solution. After 1-4 h the partially deprotected glycocluster
precipitated from the THF solution, which was concentrated
and subsequently subjected to a standard Zemplén procedure in
methanol, leading to fast and complete debenzoylation in nearly
quantitative yields. The acidic ion exchange resin Amberlite IR
120, which was used after deprotection for neutralization also
effected cleavage of orthoesters, when these had been formed
during the glycosylation step.

Then we wished to further extend the elaborated synthetic
protocol to spacered carbohydrate scaffolds with varied spacer
lengths. This was of interest as the spacer length of cluster
mannosides has been shown to be an important parameter when
ligand-receptor interactions are to be optimized.” Indeed, the
strategy reported herein for the synthesis of carbohydrate-centered
glycoclusters could be adapted to the hydroxyethyleneglycol-
modified glucoside 11 (Scheme 4). The latter was obtained
from 5 by ozonisation and reductive work-up leading to 9.}
followed by perallylation to deliver 10, which was finally submitted
to hydroboration—oxidation. Complete glycosylation of the 6-
hydroxy-3-oxa-hexyl-spacered octopus glycoside 11 employing
3 as the mannosyl donor led to 12 in yields around 70%.
Deprotection to the OH-free cluster mannoside 13 with extended
spacers was possible according to Zemplén in quantitative yield.

At this point it can be concluded that the methodology reported
here allows the synthesis of multivalent glucose-, trehalose-,
melibiose-, and raffinose-centered cluster mannosides. Optimized
reaction conditions for each sugar series and each synthetic step
have been elaborated. The carbohydrate-centered glycoclusters
8, 8-tre, 8-mel, 8-raf, and 13 closely resemble the elemental
composition of the natural example structures and thus are prime
candidates as oligosaccharide mimetics of a high-mannose type.
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Inhibition of type 1 fimbriae-mediated bacterial adhesion

Many biological processes occurring at cell surfaces are dependent
on interactions with high-mannose glycoconjugates.”! Bacterial
adhesion is also often mediated through the interactions of
bacterial fimbriae with mannose-containing conjugates of the host
cell glycocalyx. Fimbriae are adhesive proteinogenous organells
on the bacterial surface, which carry lectin domains.?? Escherichia
coli possess so-called type 1 fimbriae, which have been attributed
a specificity for terminal a-mannosyl residues. The lectin portion
of type 1 fimbriae has been identified as the protein FimH.*

The oligomannoside mimetics prepared herein have been tar-
geted to investigate the inhibition of mannose-specific bacterial
adhesion to the glycocalyx of their host cells. They were tested for
their potency as inhibitors of type 1 fimbriae-mediated bacterial
adhesion and were expected to perform much better than methyl
a-D-mannoside (MeMan), a known inhibitor of type 1 fimbriae-
mediated bacterial adhesion,* owing to their complex multivalent
structure. We anticipated varying inhibitory potencies depending
on the number of a-mannosyl residues exposed on the carbohy-
drate core as well as depending on the spatial circumstances of
their orientation.

Table 1 summarizes the results which were obtained when the
unprotected oligomannoside mimetics 8, 8-tre, 8-mel, 8-raf, and
13 were tested for their potency as inhibitors of type 1 fimbriae-
mediated bacterial adhesion using an enzyme-linked immunosor-
bent assay (ELISA). The microtiter plates used were coated
with mannan from Saccharomyces cerevisiae constituting a highly
branched polysaccharide with an a-1,6-linked polymannoside
backbone from which a-D-mannosyl residues branch out from
the 2- and the 3-position.”® Recombinant Escherichia coli bacteria
(E. coli HB101 pPK14%%) were employed, carrying type 1 fimbriae
as the only fimbriae which are expressed on the bacterial surface.
1C5, values were determined for each cluster mannoside according
to standard methods and reflect the concentration at which 50% of

Table 1 Potencies of the prepared carbohydrate-centered cluster manno-
sides, mannobio- and triosides and mannan as inhibitors of mannose-
specific adhesion of E. coli, compared to MeMan, as determined by
ELISA. ICy, values are average values of at least three independent assays
and are listed together with their standard deviations (s.d.). So-called
relative inhibitory potencies (RIP) are relative to the ICs, value measured
for methyl a-D-mannoside (1); thus the inhibitory potency of 1 has been
defined as RIP = 1. All RIP values are average values of at least three
independently determined RIPs and listed together with their standard
deviations

Mannose-containing molecules  1Csy* s.d. RIP s.d.
MeMan 3.6 1.2 1 —
1 — 2Dis 1.1° 0.5 2.9 1.0
1 — 3Dis 0.4¢ 0.3 11 7.0
1 — 4Dis 2.8 0.5 0.8 0.35
1 — 6Dis 2.2¢ 1.1 1.4 0.5
1 — 3,6Tris 0.15¢ 0.03 20 0.6
8 0.048 0.028 180 32
8-Tre 0.054 0.038 170 46
8-Mel 0.016 0.00058 230 74
8-Raf 0.031 0.0003 250 74
13 0.027 0.0032 130 38
8-Mel(def) 0.041 0.0018 190 18
Mannan 0.0086 0.0038 190 51

“[mmolar]. ®Reported: 1.3 <Reported: 1.2.2 “Reported: 0.5.%
¢ Reported: 10.5.%

bacterial adhesion to the mannan surface is inhibited by an inves-
tigated inhibitor. Results in triplicate were used for plotting of the
inhibition curves for each individual ELISA experiment (Fig. 2).
Typically, the ICs, values obtained from several independently
performed tests were in the range of +15% for example, ICs, values
determined for the standard MeMan varied between 1.2 and 6.9
millimolar. However, the relative inhibitory potencies calculated
from independent series of data were highly reproducible.

The ICs,s determined for an individual cluster mannoside were
related to the ICs, value of the standard inhibitor MeMan,
which was measured on the same microtiter plate affording a
relative ranking of the tested compounds regarding their inhibitory
potency. Relative inhibitory potencies (RIP values) were thus
based on the inhibitory potency of MeMan in the same test
with RIP (MeMan) = 1 (Table 1). Rather unnatural synthetic
mannosides such as methylumbelliferyl o-D-mannoside were not
considered in this study (cf. the subsequent paper?’).

Unexpectedly, the inhibitory potencies of all carbohydrate-
centered cluster mannosides tested, 8, 8-tre, 8-mel, 8-raf, and
13, were almost the same when compared to MeMan with
RIP values around 200 (Fig. 3). Their inhibitory potency was
increased by two orders of magnitude compared to the simple
methylmannoside. To allow a better assessment of this finding, the
clusters were compared to a series of mannobiosides, allyl 2-O-a-D-
mannosyl-o-D-mannoside (1 — 2Dis), allyl 3-O-o-D-mannosyl-a-
D-mannoside (1 — 3Dis), allyl 4-O-0-D-mannosyl-o-D-mannoside
(1 — 4Dis), allyl 6-O-0-D-mannosyl-a-D-mannoside (1 — 6Dis),
and the branched mannotrioside allyl 3,6-di-O-(a-D-mannosyl)-
a-D-mannoside(l1 — 3,6Tris), which were prepared according
to reported procedures.?® Whereas, the carbohydrate-centered
glycoclusters prepared herein form a group of inhibitors which
perform around two orders of magnitude better than MeMan
regardless of their valency or spatial arrangement, the tested
mannobiosides hardly exceed the inhibitory potency of MeMan
or are up to one order of magnitude more potent (1 — 3Dis and
1 — 3,6Tris), respectively (Table 1).

100

80 -] i W ® MeMan
" L. Y = 8-raf
1° * ;‘.&\k ® B8-tre
\} 8-mel(def)
60—
e V., x 8

% Inhibition

100 10 1 01 0,01 1E-3 1E-4

¢ (mmol /1)

Fig. 2 Example for the sigmoidal fitting of the data obtained by ELISA,
from which ICy, values were obtained. On each ELISA plate, the standard
methyl o-D-mannoside (MeMan) was included.

Our results with the known di- and trisaccharides are in rough
accordance with the literature® and can be rationalized according
to ligand-receptor interactions, in other words, on the basis of their
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Comparison of RIP values
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Fig.3 Comparison of the relative inhibitory potencies of the prepared carbohydrate-centered cluster mannosides as well as mannan, based on MeMan

(RIP = 1, not shown). Standard deviations are indicated.

molecular interactions with the carbohydrate-recognition domain
(CRD) of the fimbrial lectin FimH. However, the findings collected
for the various cluster mannosides cannot be rationalized this
way. Referring to reported multivalency effects in the inhibition
of type 1 fimbriae-mediated bacterial adhesion, we had expected
much better values (lower ICsys) for the novel hyperbranched
oligomannoside mimetics.

From molecular dynamics simulations, which we have per-
formed prior to our synthetic work,” we have an idea of the
conformational behaviour of our target cluster mannosides 8, 8-
tre, 8-mel, and 8-raf. Modeling had revealed that the carbohydrate-
centered cluster mannosides enclose a spherical conformational
space. The average distance of the cluster center to an exposed
mannosyl residue is in rough accordance with the radius of the
respective conformational sphere and this is increasing from 7.8 A
for 8 to 9.2 for 8-tre, 9.4 for 8-mel, and finally 9.7 for 8-raf. These
differences, however, were not reflected in the measured inhibitory
potencies and even a much more spaced cluster mannoside such as
13 received a similar ranking as all other cluster mannosides tested.
Moreover, a structurally defective analogue of 8-mel, termed as
8-mel(def), hardly showed any difference when compared to the
perfect cluster 8-mel (Table 1).

While we had expected to measure different inhibitory potencies
depending on the valency of a specific cluster and its three-
dimensional characteristics, the findings summarized in Table 1
prompted us to consider an alternative mechanism for the involved
molecular interactions. Our considerations led us to test mannan
itself as an inhibitor of type 1 fimbriae-mediated bacterial adhesion
to the mannan-coated surface of the poylstyrene plate used in the
ELISA. The concentration of mannan was calculated on the basis
of its average molecular weight and this delivered a RIP value of
190. Thus, mannan is ranking in the range of all carbohydrate-
centered cluster mannosides which we have tested before.

This is a very interesting result, suggesting that mannan, as
well as the class of carbohydrate-centered cluster mannosides
prepared and investigated herein, other than the di- and trisac-
charides tested, share a structural feature which is responsible for
inhibition of the adhesion of E. coli in the employed ELISA. This
inhibitory effect can neither be interpreted according to standard
structure—activity relationships nor can it be understood on the
basis of solitary or multivalent interactions of ligands and their
receptors.’! Multivalency effects, which are important in biology
and especially in glycobiology have been reasoned according to
different principles, such as a chelate or a statistical effect;** our
findings suggest the addition of a new mechanistic principle to
the knowledge reported so far. The observed inhibitory potencies
may owe to a feature which is typical for macromolecules and
the interactions they form, rather than for distinct molecular
epitopes. We will consider such a macromolecular effect in our
future experiments and we will attempt to elucidate the underlying
mechanistic principles.

On the other hand, a second part of our work on the mechanisms
of carbohydrate-based bacterial adhesion must focus on the
detailed inspection of the interactions between the CRD of FimH
and mannoside ligands, and this is discussed in the subsequent
paper.”’

Conclusions

We have to conclude that understanding of fimbriae-mediated bac-
terial adhesion might require at least two different points of view.
One perspective deals with the interpretation of results obtained
from hemagglutination inhibition assays or ELISA. Inhibition of
bacterial adhesion as observed in this testing system cannot be
rationalized on the basis of the known crystal structure of FimH?*?
however, it can neither be interpreted in the sense of a classical
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“multivalency effect”. Rather than that, a macromolecular effect
should be considered as rational for the inhibition of bacterial
adhesion to the gylcocalyx or a glycocalyx mimetic.

Nevertheless, in addition to more such supramolecular consid-
erations, the molecular details of interactions of the FimH CRD
and mannoside ligands have to be investigated, utilizing the known
crystal structure of FimH. This second aspect of our research is
highlighted in the successive contribution.?”

Experimental
General remarks

Optical rotations were determined with a Perkin Elmer 241
polarimeter (10 cm cells, Na-D-line: 589 nm). NMR spectra
were recorded at 400 or 500 MHz on Bruker AMX-400 and
Bruker DRX-500 instruments with Me,Si (0 0) as the internal
standard. All reactions were monitored by TLC on silica gel FG,s,
(Merck) with detection by UV light and/or by charring with
10% ethanolic sulfuric acid. Flash column chromatography was
performed on silica gel 60 (200-400 mesh, Macherey Nagel & Co).
Gel permeation chromatography was carried out on Sephadex G-
15 (Pharmacia) if not otherwise stated. Elemental analyses were
determined by the Microanalytical Laboratory of the Department
of Organic Chemistry at the University of Hamburg. Optical
densities (ODs) were measured on an Asys DigiScan 400 ELISA
reader at 405 nm with the reference read to 492 nm. ELISA plates
were incubated at 37 °C.

Methyl o-D-mannoside was purchased from Fluka, F-shaped
96-well microtiter plates from Sarstedt. Mannan from Saccha-
romyces cerevisiae was purchased from Sigma and was used
in 50 mM aq. Na,CO; (1 mg ml™'; pH 9.6). The polyclonal
anti-fimA antibody was a kind gift from Prof. Dr J. Hacker
(Wiirzburg) and peroxidase-conjugated goat anti-rabbit anti-
body (IgG, H + L) was purchased from Dianova. Skimmed
milk was from Ulzena, Tween 20 from Roth, ABTS [2,2-
azidobis-(3-ethylbenzothiazoline-6-sulfonic acid)] from Fluka and
thimerosal {2-(ethylmercurio)thiobenzoic acid, sodium salt} was
from Merck. A recombinant type 1 fimbriated E. coli strain, E. coli
HBI101 (pPK14),% was used and cultured as described earlier.>*

Buffers. PBS (phosphate-buffered saline) was prepared by
dissolving 8 g NaCl, 0.2 g KCl, 1.44 g Na,HPO,-2H,0 and 0.2 g
KH,PO, in 1000 ml of bidest. water (pH 7.2). PBSE was PBS
buffer + 100 mg 1! thimerosal, PBSET was PBSE buffer + 200 pl
1-! tween 20. Substrate buffer was 0.1 M sodium citrate dihydrate,
adjusted to pH 4.5 with citric acid. For preparation of the ABTS
solution, ABTS (1 mg per ml) was dissolved in substrate buffer
and 0.1% H,0, (25 pl per ml) was added.

ELISA

To determine the potencies of the various cluster mannosides
tested as inhibitors of type 1 fimbriae-mediated adhesion of E. coli,
an ELISA was used as published earlier.** Polystyrene microtiter
plates were coated with mannan solution (100 ul per well) and
dried overnight at 37 °C. The plates were blocked once with
5% skimmed milk in PBSE for 30 min at 37 °C. The wells
were washed with PBSE (150 ul) and then PBSE (50 ul) and
inhibitor solutions (50 pl) were added. Inhibitor solutions were

diluted serially two-fold in PBSE. Bacterial suspension (50 ul
per well) was added and the plate was left at 37 °C for 1 h to
allow sedimentation of the bacteria. Then each well was washed
four times with PBSE (150 pul) and 50 pl of the first antibody (anti-
fimA antibody, solution as optimized prior to the experiments) in
2% skimmed milk was added. The plates were incubated for 30 min
and then washed twice with PBSET and the second antibody
was added (50 pl). The plates were incubated for 30 min and
then washed three times with PBSET and once with PBSE and
substrate buffer. ABTS solution (50 pl) was added, incubated
for 60 min at 37 °C. For ELISA controls, bacterial adhesion to
blocked, uncoated microtiter plates was checked, and the reaction
of the employed antibodies with yeast mannan was tested and
found to be negligible. The percentage inhibition was calculated
as [OD(nI) — OD(I) x 100 x [OD(nI)]~! (nI: no inhibitor, I: with
inhibitor).

ICs, values are average values from at least three independent
assays and are listed together with their standard deviations.
Relative inhibitory potencies (RIPs) are based on the ICs, value of
methyl a-D-mannopyranoside (MeMan), with RIP (MeMan) = 1.

Tetra-0-2,3,4,6-benzoyl-mannopyranose (2). To a solution of
1,2,3,4,6-penta-O-benzoyl-mannose (1, 5.00 g, 7.13 mmol) in
pyridine (50 mL), an ethanolic solution of dimethylamine (5.6 M,
35 mL) was added and the reaction mixture was stirred for 1.5 h
at rt. Then the reaction was quenched by the addition of toluene
(100 mL), the organic phase was washed three times with brine,
dried over MgSQ,, filtered, concentrated and purified by column
chromatography (toluene—ethyl acetate, 5 : 1) to yield the product
(3.31 g, 78%) as a white solid. Anal. Caled. for C;,Hx0: C, 68.45;
H 4.73. Found: C, 68.60; H, 4.73%.

[3-0-(2,3,4,6-Tetra- O-benzoyl-a-D-mannopyranosyloxy)propyl]
2,3,4,6-tetra- 0-[3-(2,3,4,6-tetra- O-benzoyl-o-D-mannopyranosyl-
oxy)propyl]-a-D-glucopyranoside (7). To a solution of the pentaol
6° (22 mg, 0.047 mmol) and the mannosyl donor 3 (1.59 g,
2.14 mmol) in dry CH,Cl, (4 mL) TMS-OTf (5% in CH,Cl,,
0.2 mL,) was added under N, and the solution was stirred at
rt overnight. Then NaHCO; (1 g) and CH,Cl, (50 mL) were
added, the solution was filtered, concentrated and the residue
purified by flash chromatography (light petroleum ether—ethyl
acetate, 2: 1 — 1: 1) to yield the title cluster mannoside (157 mg,
quant.) as a white amorphous solid. [a] —21.9 (¢ 1.89, CH,Cl,).
'"H NMR (400 MHz, CDCl;): 6 = 8.11-7.91 (m, 30H, aryl-H),
7.87-7.77 (m, 10H, aryl-H), 7.56-7.48 (m, 10H, aryl-H), 7.42—
7.14 (m, 50H, aryl-H), 6.17, 6.15, 6.14, 6.14, and 6.14 (each
dd ~ t, SH, J34man Jasmam 9.1 Hz, H-4,,), 6.11, 5.98, 591, 5.91,
and 5.91 (each dd, 5H, J; 3. 3.0 Hz, H-3,...), 5.77, 5.72, 5.72,
5.72, 5.70 (each dd, 5H, H-2,.,), 5.17, 5.14, 5.14, 5.12, 5.11 (d,
5H, Jisma 1.5 Hz, H-1,,,), 5.05 (d, 1H, J . 3.6 Hz, H-1,,),
4.74-4.66 (m, 5H, H-6,,,,), 4.56 (m, 1H, H-5,,,,), 4.53-4.41 (m,
10H, 5 H-6,0, 4 H-5,a0), 4.08-3.62 (m, 24H, H-5,., 2 H-6,., 10
OCHHCH,CH,0, 10 OCH,CH,CHHO, H-3,,), 3.50 (dd ~ t, 1H,
J340c 9.1 Hz, H-4,.), 3.40 (dd, 1H, J, 34 9.1 Hz, H-2,,), 2.15-2.04
(m, 10H, OCH,CHHCH,O) ppm. 'H-'H COSY ¢ = 3.70 (H-3)
ppm. BC NMR (100.67 MHz, CDCl,): 6 = 166.2-166.0, 165.5—
165.2 (20 COOR), 133.4-132.9, 130.0-128.2 (100 aryl-C), 97.8,
97.8,97.7,97.7, 97.5 (C-1,un), 97.0 (C-14.), 81.9 (C-3,.), 80.6 (C-
24c), 71.8 (C-4y,.), 70.6, 70.6, 70.5, 70.5, 70.5 (C-2440), 70.5 (C-54.),
70.4, 70.3, 70.3, 70.2, 70.2 (C-3,,.,), 70.2 (CH,CH,0C-3,,), 69.4

This journal is © The Royal Society of Chemistry 2006

Org. Biomol. Chem., 2006, 4, 3901-3912 | 3907





(C-64.), 69.1, 67.9, 67.9 (3 CH,CH,0), 68.9, 68.9, 68.8, 68.8, 68.7
(C-5,a0), 67.0, 67.0, 66.9, 66.9, 66.8 (C-4,,.,), 66.2, 65.7, 65.5, 65.3,
65.0, 64.9 (5 CH,CH,0C-1,,,,, CH,CH,0C-1,.), 62.9, 62.8, 62.8,
62.8, 62.8 (C-6,...), 30.7, 30.4, 30.3, 29.8, 29.7 (OCH,CH,CH,0)
ppm. Anal. Calcd. for C;s;H,.,Os: C, 68.21; H 5.15. Found: C,
68.12; H, 5.25%. MALDI-TOF MS: 3383.46 (M + Na)* ion.

[3-O-(a-pD-Mannopyranosyloxy)propyl] 2,3,4,6-tetra-O-[3-(a-D-
mannopyranosyloxy)propyl]-a-D-glucopyranoside (8). To a solu-
tion of 7 (329 mg, 0.098 mmol) in dry MeOH (50 mL), NaOMe
(10 mg Na in 20 mL MeOH) was added and the solution was
stirred for 2 d at rt. Then it was neutralized with Amberlite IR
120, filtered and purified on Sephadex LH-20 (with MeOH as the
eluent) to yield the unprotected title compound (102 mg, 82%)
as a colorless amorphous solid. [a]} +13.5 (¢ 1.85, MeOH). 'H
NMR (400 MHz, D,-MeOH): 6 = 4.95 (d, 1H, J,,4 3.56 Hz,
H-1,.), 4.82, 4.81 (3x), 4.80 (d, SH, H-1,,.,), 3.97-3.51 (m, 54H,
H-3,., H-54, 2 H-64., 5 H-20n, 5 H-30n, 5 H-4pn, 5 H-510,
10 H-6,,.,, 20 OCHHCH,CH,0), 3.31 (dd ~ t, 1H, J 9.1 Hz,
H-4,.), 3.30 (dd ~ t, 1H, J 9.1 Hz, H-2,.), 2.00-1.83 (m, 10H,
OCH,CHHCH,0) ppm. '"H-'"H COSY: 6 = 3.56 (H-3,.), 3.65 (H-
54c) ppm. 'H-"C HMQC: § = 3.88 (H-6,,0), 3.85 (H-2,,), 3.77
(H-6'14n), 3.74 (H-3,,10), 3.67 (H-410), 3.56 (H-5,,,,) ppm. *CNMR
(100.67 MHz, D,-MeOH): 6 = 102.8 (5 C-1,1), 99.2 (C-1,.), 84.2
(C-340), 83.0 (C-24.), 80.5 (C-4y.), 75.8, 75.8 (3x), 75.7 (5 C-5,un),
73.9, 73.8 (4x) (5 C-3,), 73.3 (5%) (5§ C-240n), 72.9 (C-540), 72.7,
72.0, 71.8, 70.4, 70.1 (C-64., CH,CH,O), 69.8, 69.8, 69.8, 69.7,
69.7 (5§ C-4,.,), 67.1 (CH,CH,0C-1,,.), 66.7, 66.6, 66.6, 66.5, 66.4
(CH,CH,0C-1,,,,), 64.1 (56x) (5 C-6,,,0), 32.9,32.7,32.5,32.1,31.8
(5 OCH,CH,CH,0) ppm. 'H-"C HMBC: 6 = 72.0 or 71.8 (C-6,,)
ppm. MALDI-TOF MS: 1303.78 (M + Na)* ion.

2,3,4,6,2',3 4 ,6'-Octa-O-(3-hydroxypropyl)-D-trehalose (6-tre).
Perallylated trehalose 5-tre'” (370 mg, 0.56 mmol) was dissolved
in dry THF (20 mL), treated with 9-BBN (20 mL, 10 mmol)
and the reaction mixture was heated under reflux for 1 h. An
excess of hydride was hydrolyzed with water at 0 °C and then
aqueous NaOH (3 M, 10 mL) was added, followed by dropwise
addition of aqueous H,0, (30%, 10 mL) at 0 °C. The reaction
mixture was stirred overnight at rt and saturated with K,COs. The
phases were separated and the aqueous phase extracted with THF
(40 mL) three times. The combined organic phases was concen-
trated, the residue dissolved in a minimum amount of methanol
and passed over a Sephadex LH-20 column (eluent MeOH). Then
purification was accomplished on silica gel (CH,Cl,-MeOH, 3: 1)
to obtain the pure title compound (372 mg, 0.46 mmol, 83%) as a
colorless syrup. [a]? +70.1 (¢ 2.19, MeOH). 'H NMR (500 MHz,
D,-MeOH): 6 =5.20(d, 2H, J,, = 3.1 Hz, 2 H-1), 3.98-3.84, 3.79—
3.58 (m, 8H und 32H, 8 OCH,CH,CH,OH, 8 OCH,CH,CH,0OH,
2 H-5,2H-6,2 H-6/,2 H-3), 3.35-3.28 (m, 4H, 2 H-2,2 H-4), 1.92—
1.77 (m, 16H, 8 OCH,CH,CH,0OH) ppm. 'H-'H-COSY: ¢ = 3.95
(H-5), 3.64 (H-3) ppm. "C NMR (100.67 MHz, D,-MeOH): § =
949 (2 C-1), 83.8 (2 C-3), 82.7 (2 C-2), 80.5 (2 C-4), 73.3 (2 C-
5), 72.6, 72.0, 71.9, 70.7, 70.5 (8 OCH,CH,CH,OH, 2 C-6), 61.5,
61.3, 61.2, 61.2 (8 OCH,CH,CH,0H), 35.7, 35.5, 354, 34.8 (8
OCH,CH,CH,0OH) ppm. '"H-*C-HMBC: § = 72.0 or 71.9 (C-6)
ppm. MALDI-TOF MS: m/z = 829.38 [M + Na]* (806.45 calcd.
for C;sH»,Oy). Anal. Caled. for C;;H,,O,y x 2 H,O (842.97): C,
51.29; H, 8.85. Found: C, 51.69; H, 8.80%.

2,3,4,6,2',3 ,4',6'-Octa-0-|3-(2,3,4,6-tetra- O-benzoyl-a-D-man-
nopyranosyloxy)propyl]-D-trehalose (7-tre). The octaol 6-tre
(50 mg, 0.062 mmol) and the mannosyl donor 3 (5.0 g, 6.7 mmol)
were dissolved in dry acetonitrile (400 mL) under an argon
atmosphere and the solution was heated to 65 °C. Then TMS-OTf
(0.05 ml) was added and it was stirred for 1 h at 65 °C. Then, it was
cooled to rt, more mannosylimidate 3 (1.2 g, 1.6 mmol) was added
and the reaction mixture was stirred at rt overnight. The solution
was neutralized with solid NaHCO;, it was filtered, neutralized
and concentrated. The residue was purified by three subsequent
purification steps. First GPC on Sephadex LH-20 was performed
(eluent CH,Cl,-MeOH, 1 : 1), followed by flash chromatography
on silica gel (hexane—ethyl acetate, 45 : 55) and finally another
GPC on Sephadex LH-20 (eluent CH,Cl,-MeOH, 1 : 1) gave the
pure title cluster mannoside (318 mg, 0.059, 95%) as an amorphous
white solid. [a]2 —20.3 (¢ 0.64, CH,Cl,). "H NMR (500 MHz, D;-
DMSO, 403 K): 6 = 8.02-7.92, 7.87-7.82, 7.72-7.65, 7.64-7.56,
7.52-7.20 (each m, 32 H, 16 H, 16 H, 16 H 80 H, aryl-H), 6.03—
5.95 (m, 8H, 8 H-4,,,,), 5.88, 5.85, 5.85, 5.84 (each dd, each 2H,
J23man 3.0 HZ, J3 4000 9.9 Hz, 8 H-3,,,,,), 5.71, 5.68, 5.68, 5.65 (each
dd, each 2H, J, s, 1.7 Hz, 8 H-2,,,,), 5.24 (d, 2H, J 54 3.6 Hz, 2
H-1,.), 5.23,5.18,5.16, 5.13 (each d, each 2H, 8 H-1,,,,), 4.67-4.47
(m, 24H, 8 H-5,,.1, 8 H-6,00, 8 H-6'y,), 4.05-3.64 (m, 40H, 2 H-3,,
2 H-5,., 2 H-6,., 2 H-60'y, 8 glc-OCH,, 8 man-OCH,), 3.40 (dd
~t,2H, J 9.1 Hz, 2 H-4,,), 3.39 (dd, 2H, J,3, 9.1 Hz, 2 H-2,,),
2.11-1.95 (m, 16H, 8 CH,CH,CH,) ppm. *C NMR (125.77 MHz,
CDCly): 0 = 167.5-166.5 (32 CO,Ph), 134.5-129.5 (160 aryl-C),
99.3,99.0, 89.9, 89.9 (8 C-1,n), 95.1 (2 C-1,,), 83.0 (2 C-3,.), 81.7
(2 C-24), 79.1 (2 C4y.), 72.3 (2 C-5,.), 72.0, 71.9, 71.9, 71.8 (8
C-2pan), 71.7,71.6,71.5,71.5 (8 C-3,,41), 70.2, 70.1, 70.1, 70.0 (8 C-
Sman)> 70.7,70.5, 69.6, 69.3 (8 (glc)OCH,, 2 C-64.%), 68.3 (3x), 68.1
(8 C-4,..), 67.5, 67.2, 66.6 (2x) (8 man-OCH,), 64.2, 64.2, 64.1
(2%) (8 C-6,an), 32.0, 31.8, 31.7, 31.3 (8§ OCH,CH,CH,0) ppm.
* The signal for one CH, moiety is superimposed by the signal
for C-3,.,- MALDI-TOF MS: m/z = 5454.33 [M + Na]* (5431.71
calcd. for Cy3H,750s,). Anal. Caled. for CssHy50q, (5435.54): C,
68.08; H 5.16. Found: C, 67.77; H, 5.06%.

2,3,4,6,2',3 ,4',6'-Octa- O-|3-(a.-D-mannopyranosyloxy)propyl]-
D-trehalose (8-tre). To a solution of 7-tre (110 mg, 0.020 mmol)
in dry THF (50 mL), NaOMe (10 mg Na in 20 mL MeOH) was
added and it was stirred for 4 h at rt. Then, it was concentrated,
the residue dissolved in MeOH (50 mL) and NaOMe (10 mg Na
in 20 mL MeOH) was added. This reaction mixture was stirred
overnight at rt, then neutralized with Amberlite IR 120, filtered,
concentrated and purified on Sephadex LH-20 (with MeOH as the
eluent) to yield the title glycocluster (38 mg, 90%) as a colorless
amorphoussolid. [a]? +72.9 (c0.17, MeOH). '"H NMR (400 MHz,
D,-MeOH): 0 =5.22(d, 2H, J ,4. 3.5 Hz, 2 H-1,.), 4.82 (6 %), 4.79
(2x)(eachd~s, 8H, 8 H-1,,,,), 4.04-3.49 (m, 88H, 32 OCHHCH,,
2 H-3,., 2 H-5,., 2 H-64, 2-H-6'y, 8 H-2,., 8 H-3,00, 8 H-410,
8 H-5,.0, 8 H-6,,, 8 H-6',), 3.37-3.29 (m, 4H + MeOH, 2 H-
240, 2 H-44.), 2.00-1.77 (m, 16H, OCH,CHHCH,0O) ppm. “C
NMR (100.67 MHz, D,-MeOH): J = 102.8 (2x), 102.7 (6x) (8
C-1om), 95.1 2%) (2 C-14), 84.0 2x) (2 C-34.), 82.7 (2x) (2 C-
240), 80.5 (2x) (2 C-44.), 75.9 (2x), 75.8 (6%) (8 C-5,n), 73.8 (8 %)
(8 C-31un), 73.4 (4x), 73.3 (4x) (8 C-21un), 72.7 (2x), 71.8 (2x),
71.7 (2x), 70.6 (2x), 70.5 (2x) (2 C-64., (glc)OCH,), 69.8 (6%),
69.7 (2x) (8 C-4,0), 67.0 (2%), 66.7 (2x), 66.5 (2x), 66.4 (2x)
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(CH,CH,OC-1,.,), 64.1 (8%) (8 C-61a), 33.0 (2x), 32.7 (2x),
32.6 (2x), 32.1 (2x) (8 OCH,CH,CH,0) ppm. MALDI-TOF
MS: 2125.89 (M + Na)* ion.

Allyl  2,3,4-tri-O-allyl-6-(2,3,4,6-tetra-O-allyl-a-D-galactopy-
ranosyloxy)-p-p-glucopyranoside (5-mel). To a suspension of the
allyl melibioside (4-mel) (1.2 g, 3.1 mmol) in dry DMF (100 mL),
NaH (2.5 g, 65 mmol) was added at rt. 1 h later, allyl bromide
(3.1 mL, 37 mmol) was added and the reaction mixture was stirred
overnight at rt. Then the reaction was quenched with ice water at
0 °C and diluted with toluene (100 mL). The organic phase was
separated, consecutively washed with aqueous NaCl solution (2 x)
and water (6 x), dried over MgSQ,, filtered, concentrated and
the residue was purified by flash chromatography (toluene—ethyl
acetate, 7 : 1) to yield the title compound (1.4 g, 69%) as a colorless
syrup. [a] +48.0 (¢ 3.42, CH,Cl,). '"H NMR (400 MHz, CDCl,):
0 = 6.01-5.84 (dddd ~ m, 8H, 8 OCH,CHCH,), 5.33-5.20 (m,
8H, 8 OCH,CHCHH), 5.20-5.11 (m, 8H, 8 OCH,CHCHH), 5.05
(d, 1H, J, 5 3.6 Hz, H-1,,), 4.41-3.94 (m, 18H, H-1,., H-5,,, 16
OCHHCHCH,), 3.85-3.74 (m, 4H, H-6,., H-6'y., H-2,,, H-4,,),
3.71 (dd, 1H, J,3. 10.2 Hz, J;4.. 2.5 Hz, H-3,,), 3.59 (dd, 1H,
Josen 1.6 Hz, Jo¢eu 9.2 Hz, H-6,,), 3.52 (dd, 1H, J¢ 5., 6.1 Hz,
H-6,,), 3.40 (m, 1H, H-5,), 3.38-3.30 (m, 2H, H-3,., H-4,.),
3.19 (dd ~ t, 1H, J 4 and J, 4. 8.4 Hz, H-2,,) ppm. "C NMR
(100.67 MHz, CDCl;): 6 = 135.9, 135.7, 135.7, 135.6, 135.5,
135.3, 135.0, 134.6 (8 OCH,CHCH,), 117.4, 117.2, 117.2, 117.1,
117.1, 117.0, 116.8, 116.6 (8§ OCH,CHCH,), 102.7 (C-1.), 98.2
(C-14), 84.6 (C-34), 82.1 (C-2,), 78.2 (C-3,), 78.1 (C-44.), 76.7
(C-240), 75.3 (C-44a), 75.0 (C-54), 74.7, 74.4, 74.1, 74.0, 72.6,
72.2, 72.1, 70.2 (OCH,CHCH,), 69.3 (C-5,,), 69.0 (C-6,,), 66.9
(C-64) ppm. Anal. Calcd. for C;Hs,0,,: C, 65.24; H 8.21. Found:
C, 65.30; H, 8.27%.

3-Hydroxypropyl 2,3,4-tri- O-(3-hydroxypropyl)-6-[2,3,4,6-tetra-
O-(3-hydroxypropyl)-a-D-galactopyranosyloxy]-p-p-glucopyrano-
side (6-mel). To a solution of 5-mel (240 mg, 0.36 mmol) in dry
THF (20 mL), 9-BBN (0.5 M solution in THF, 12 mL) was added
under an N, atmosphere and the solution was stirred at 60 °C for
1 h. Then the excess of 9-BBN was destroyed by dropwise addition
of water at 0 °C. The hydroboration mixture was oxidized by the
addition of aqueous NaOH (3 M, 12 mL) and aqueous H,O,
(30%, 12 mL) at 0 °C, followed by stirring at rt overnight. The
aqueous phase was saturated with K,CO; and the THF phase was
separated. The aqueous phase was extracted twice with THF (40
mL). The combined organic phases were concentrated and purified
on Sephadex LH-20 (eluent MeOH) and by flash chromatography
(CH,Cl,-MeOH, 3 : 1) to afford the title compound (162 mg,
56%) as a colorless oil. [a]? +53.1 (¢ 0.52, MeOH). '"H NMR
(500 MHz, D,-MeOH): 6 = 5.14 (d = s, 1H, H-1,,), 4.31 (d,
1H, J g 7.6 Hz, H-1,,), 4.01 (ddd ~ t, 1H, Jse and Jsgg
6.6 Hz, H-5,,), 3.99-3.60 (m, 38H, 16 OCHHCH,CH,0OH, 16
OCH,CH,CHHOH, H-2,,, H-3,,, H-4,,, H-6,,), 3.58 (dd, 1H,
Joge 9.2 Hz, H-60/y,), 3.42-3.26 (m, 3H + MeOH, H-3,., H-4,,
H-5,.), 3.05 (dd ~ t, 1H, J, 3, 8.1 Hz, H-2,), 1.92-1.77 (m, 16H,
OCH,CHHCH,OH) ppm. "CNMR (100.67 MHz, D,-MeOH): 6
=105.7 (C-14), 99.7 (C-14y), 87.2 (C-3.), 84.9 (C-24.), 80.9, 80.5,
79.3,78.1 (C-24y, C-3,41, C-4gat, C-44), 77.0 (C-54.), 72.7,72.7,72.1,
72.0, 72.0 (2x), 70.5, 70.1, 70.0, 68.8, 68.3 (8 OCH,CH,CH,OH,
C-64c, C-64,), 71.6 (C-5,,), 61.6, 61.6, 61.5, 61.5, 61.4, 61.3, 61.2,
61.1 (8 OCH,CH,CH,0OH), 35.7, 35.5, 35.3, 35.2, 35.2, 35.1, 35.0

(8 OCH,CH,CH,OH) ppm. MALDI-TOF MS: 828.59 (M + Na)*
ion. Anal. Calcd. for CixH;,O,y-H,O: C, 52.41; H 8.80. Found: C,
52.37; H, 8.66%.

[3-(2,3,4,6 - Tetra - O - benzoyl - a-D-mannopyranosyloxy)propyl]
2,3,4-tri-0-[3-(2,3,4,6-tetra- O-benzoyl-o-D-mannopyranosyloxy)-
propyl}-6-{2,3,4,6-tetra-0{3+2,3,4,6-tetra-O-benzoyl-o-D-mannopy-
ranosyloxy)propyl] - a- D- galactopyranosyloxy } - - D-glucopyrano-
side (7-mel). A solution of the octaol 6-mel (0.034 g, 0.042 mmol)
and the mannosyl donor 3 (5.0 g, 6.7 mmol) in dry acetonitrile
(400 mL) was heated to 75 °C, TMS-OTT (0.05 mL) was added
and the reaction mixture was stirred at this temperature for
2 h. Then, additional donor 3 (1.2 g, 1.6 mmol) was added and
the mixture was stirred overnight at rt. Then it was neutralized
with NaHCO; (10 g), filtered, concentrated and the residue was
purified on Sephadex LH-20 (CH,Cl,~MeOH, 1 : 1), followed by
flash chromatography (hexane—ethyl acetate, 9 : 11) to yield the
title cluster mannoside (145 mg, 64%) as a white amorphous solid.
[a]y —36.0 (¢ 0.30, CH,Cl,). 'H NMR (500 MHz, D,-DMSO, 353
K): 6 =7.98-7.87, 7.84-7.79, 7.66-7.55, 7.48-7.18 (each m, 32 H,
16 H, 32H, 80H, aryl-H), 6.01-5.93 (m, 8 H, 8 H-4,,,), 5.83-5.75
(m, 8 H, 8 H-3,,.,), 5.66-5.60 (m, 8H, 8§ H-2,,,), 5.18-5.10 (m,
9H, H-1,,, 8 H-1,,,), 4.64-4.55, 4.53-4.43 (each m, 8H, 16H, 8
H-5,u0, 8 H-6,40, 8 H-60',), 4.37 (d, 1H, J 0 7.6 Hz, H-1y,),
4.00-3.32 (m, 44H, H-3,, H-4,, H-5,, H-6,., H-6,, H-2,,
H-3,,, H-4,,, H-5,,, H-6,,, H-0',,, 16 OCHHCH,CH,0H, 16
OCH,CH,CHHO, H-2,), 2.05-1.85 (m, 16H, OCH,CHHCH,O)
ppm. “C NMR (125.77 MHz, CDCl;): 6 = 166.0-165.1 (32
aryl-C), 133.3-128.2 (160 aryl-C), 103.5 (C-1,.), 97.8-97.5 (C-14,
8 C-1yun), 84.9 (C-340), 82.6 (C-2,.), 78.5, 78.2, 77.1, 75.9 (C-24,
C-3, C-dga, C-4ye), 75.0 (C-54.), 70.6-70.4 (8 C-2,), 70.3-70.1
(8 C-3 1), 69.1 (C-5,,,), 68.9-68.6 (8 C-5,,.,), 66.9-66.8 (8 C-4,,.,),
70 (2x), 69.6,69.5,69.4, 68.2, 67.8 (2x), 66.2-65.7 (C-6,, C-6,,, 8
man-OCH,, 4 glc-OCH,, 4 gal-OCH,), 62.7 (8 C-6,,,,), 30.6-29.7
(11 OCH,CH,CH,O0) ppm. MALDI-TOF MS: 5454.1 (M + Na)*
ion.

[3-(a-D-Mannopyranosyloxy)propyl] 2,3,4-tri- O-[3-(a-D-manno-
pyranosyloxy)propyl]-6-{2,3,4,6-tetra-O-[3-(a-D-mannopyranosy-
loxy)propyl]-a-D-galactopyranosyloxy }-B-D-glucopyranoside (8-
mel). To a solution of the protected cluster 7-mel (81 mg, 0.015
mmol) in dry THF (50 mL), NaOMe (10 mg Na in 20 mL MeOH)
was added and the solution was stirred for 4 h at rt. Then it
was concentrated and the residue dissolved in MeOH (50 mL).
Then again NaOMe (10 mg Na in 20 mL MeOH) was added
and the reaction mixture was stirred overnight at rt, neutralized
with Amberlite IR 120, filtered and the residue was purified on
Sephadex LH-20 (eluent MeOH) to yield the unprotected title
compound (32 mg, quant.) as a colorless amorphous solid. [a]¥
+66.0 (¢ 0.59, MeOH). '"H NMR (300 MHz, D,-MeOH): 6 = 5.14
(d~s, 1H, H-1,,), 4.85-4.78 (m, 8H, 8 H-1,,,,), 4.31 (d, 1H, J 54
7.3 Hz, H-1,.), 4.06-3.51 (m, 86H, H-5,,, 16 OCHHCH,CH,O,
16 OCH,CH,CHHO, H-2,,, H-3,,, H-4,, H-6,, H-0, 8
H-4,, 8 H-3 0> 8 H-21n, 8 H-510, 8 H-6,0, 8 H-6'01), 3.46-3.25
(m, 3H + MeOH, H-3,., H-4,., H-5,.), 3.03 (dd ~ t, 1H, J, ;4
8.9 Hz, H-2,,), 2.03-1.80 (m, 16H, OCH,CHHCH,O) ppm. “C
NMR (125.77 MHz, D,-MeOH): 6 = 104.9 (C-1,,), 102.1-101.9
(8x) (8 C-lyun), 98.9 (C-1g),. 86.3 (C-3,), 84.2 (C-2,.), 80.0,
79.3, 78.8, 77.5 (C-24, C-341, C-44, C-4y.), 76.4 (C-5,.), 74.9
(8%) (8 C-5,un), 72.9 (8%) (8 C-3,m), 72.5 (8x) (8 C-2an), 71.0
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(C-5,0), 71.9, 71.7, 71.3, 71.2, 70.9, 69.6, 69.1, 67.8, 67.0, 64.6
(C-64e, C-6,, 8 glc-OCH,),68.9 (8x) (8 C-dpn), 66.0-65.7 (8x)
(8 man-OCH,), 63.2 (8%) (8 C-6,,,), 32.0, 31.8 (5x), 31.4, 31.2
(8 OCH,CH,CH,0) ppm. MALDI-TOF MS: 2126.1 (M + Na)*
10n.

Undeca-O-allyl-p-raffinose (5-raf). To a suspension of raffi-
nose (4-raf) (3.0 g, 5.0 mmol) in dry DMF (100 mL), NaH (3.5 g,
80 mmol) and 1 h later, allyl bromide (6.1 mL, 72.1 mmol)
were added and the reaction mixture was stirred overnight at
rt. Then the reaction was quenched with ice water at 0 °C and
toluene (100 mL) was added. The organic phase was separated,
consecutively washed with aqueous NaCl (2 x) and water (6 x),
dried over MgSO,, filtered, concentrated and the residue was
purified by flash chromatography (toluene-ethyl acetate, 7 : 1)
to yield the title compound (1.4 g, 69%) as a colorless syrup. [a]}y
+81.4 (¢ 0.91, CH,CL,). '"H NMR (400 MHz, CDCl;): 6 = 6.02—
5.82(dddd ~m, 11H, 11 OCH,CHCH,), 5.51(d, 1H, J, 4. 3.6 Hz,
H-1,.), 5.34-5.20 (ddd, 11H, 11 OCH,CHCHH), 5.20-5.07 (ddd,
11H, 11 OCH,CHCHH), 5.06 (d, 1H, J, 5,4 3.6 Hz, H-1,,), 4.40—
4.29 (m, 3H, OCHHCHCH,), 4.26-3.89 (m, 24H, H-3;., H-4;.,
H-54., H-5,,, H-5,., 19 OCHHCHCH,), 3.84 (dd, 1H, H-6,.),
3.83(dd, 1H, H-4,,), 3.80 (dd, 1H, J,,, 10.2 Hz, H-2,,), 3.70 (dd,
1H, J;40a 3.1 Hz, H-3,,), 3.68-3.57 (m, 6H, H-1;,, H-64., H-0'g,
H-3,., H-6,., H-6,,), 3.54 (dd ~ t, 1H, Js4,. and J;s, 9.2 Hz,
H-4,.), 3.49 (dd, 1H, J¢s. 5.6 Hz, Jogem 9.2 Hz, H-6',), 3.43
(d, 1H, J, v 11.2 Hz, H-1',.), 3.26 (dd, 1H, J,34 9.2 Hz, H-2,.)
ppm. 'H-"C HMQC: § = 4.24 (H-3;,.), 4.01 (H-4;.), 3.97 (H-5;.)
ppm. 'H-*C HMBC: § = 3.92 (H-5,,) ppm. 'H-'"H COSY: ¢ =
3.94 (H-5,) ppm. "C NMR (100.67 MHz, CDCL,): 6 = 136.1,
135.9, 135.8, 135.8, 135.7, 135.5, 135.2, 135.2, 135.1, 135.0, 135.0
(11 OCH,CHCH,), 117.4, 117.3, 117.3 (2x), 117.3, 117.2, 116.8,
116.7, 116.6 (2x), 116.4 (11 OCH,CHCH,), 104.8 (C-1.), 98.6
(C-14), 90.3 (C-14.), 83.8 (C-3;,.), 82.4 (C-4y.), 81.7 (C-34), 79.9,
79.8 (C-24c, C-55c), 78.2 (C-34), 77.6 (C-44.), 76.8 (C-24), 75.2
(C-4,.), 744 (2x), 74.1, 72.9, 72.7, 72.6, 72.1 (2x), 71.9, 71.9,
71.8, 71.6 (C-6., OCH,CHCH,), 71.5 (C-5,.), 69.5 (C-5.,), 69.1
(C-64y), 66.4 (C-64.) ppm. MALDI-TOF MS: 967.94 (M + Na)*
ion. Anal. Calcd. for C5;H,0,4: C, 64.81; H, 8.10. Found: C, 64.65;
H, 8.11%.

Undeca-O-(3-hydroxypropyl)-p-raffinose (6-raf). To a solution
of 5-raf (535 mg, 0.57 mmol) in dry THF (20 mL), 9-BBN (0.5 M
solution in THF, 26 mL) was added under an N, atmosphere and
the solution was stirred at reflux temperature for 1 h. Then the
excess of 9-BBN was destroyed by dropwise addition of water at
0 °C. The hydroboration mixture was oxidized by the addition of
aqueous NaOH (3 M, 13 mL) and aqueous H,0, (30%, 13 mL) at
0°C. Then it was stirred at rt overnight and the aqueous phase was
saturated with K,COj;. The phases were separated and the aqueous
phase was extracted twice with THF (40 mL). The combined
organic phases was concentrated and the residue was purified
by two subsequent procedures, first by GPC on Sephadex LH-
20 (eluent MeOH), followed by flash chromatography (CH,Cl,—
MeOH, 3 : 1) to afford the pure title compound (538 mg, 85%) as
a colorless oil. [a]? +66.1 (¢ 0.36, MeOH). 'H NMR (500 MHz,
D,-MeOH): 6 = 5.63 (d, 1H, J, 54 3.6 Hz, H-1,,), 5.18 (d, 1H, H-
lea), 4.15 (d, 1H, H-3,), 4.05-3.47 (m, 61H, H-3,., H-4,., H-5,,
H-64c, H-6'yc, H-lje, H-1'te, H-4e, H-51c, H-6pc, H-6'rc, H-2,,
H-3,,, H-4,,, H-5,,, H-6,,, H-6,,, 22 OCHHCH,CH,0H, 22

OCH,CH,CHHOH), 3.26 (dd, 1H, J,3, 9.1 Hz, H-2,,), 1.92—
1.77 (m, 22H, 22 OCH,CHHCH,OH) ppm. 'H-'H COSY : §
= 3.57 (H-3,.), 3.68 (H-2,,). "H-"H HSQC : § = 3.51 (H-4y.),
3.99 (H-5,4), 3.90 (H-6,.), 3.77 (H-6'y.), 3.69 (H-1;.), 3.49 (H-
Ute), 4.02 (H-4y.), 3.89 (H-54.), 3.71 (H-6;.), 3.71 (H-6's), 3.70
(H-3,,), 3.86 (H-4,,), 3.97 (H-5,,) ppm. *C NMR (100.67 MHz,
D,-MeOH): 6 = 106.7 (C-2;,.), 99.9 (C-1,), 92.0 (C-1,.), 86.5
(C-31), 84.4 (C-4y,.), 84.1 (C-3), 82.9 (C-24), 81.9 (C-5.), 80.8
(C-3.1), 79.9 (C-4y.), 79.3 (C-240), 78.0 (C-44), 74.4 (C-1y.), 74.1
(C-64c), 73.8 (C-54c), 71.6 (C-54a), 72.7,72.5, 71.8 (2x), 70.8, 70.6,
70.5(2x), 70.1, 70.0, and 69.9 (2x (C-6,,, 11 OCH,CH,CH,0H),
67.8 (C-6.), 61.6, 61.6, 61.6, 61.5, 61.4, 61.3 61.2 (3x 61.2, 61.0
(11 OCH,CH,CH,0H), 35.7, 35.5, 35.3 (3x), 35.2,35.2(2x), and
34.9(3x (11 OCH,CH,CH,OH) ppm. MALDI-TOF MS: 1165.87
(M + Na)* ion. Anal. Calcd. for C5;HyO,,-2H,0: C, 51.94; H8.72.
Found: C, 51.99; H, 8.64%.

Undeca-0-[3-(2,3,4,6-tetra-O-benzoyl-o-D-mannopyranosyloxy)-
propyl]-pD-raffinose (7-raf). To a solution of 6-raf (39 mg, 0.034
mmol) and the mannosyl donor 3 (5.0 g, 6.7 mmol) in dry
acetonitrile (400 mL), TMS-OTf (0.05 mL) was added under N,
at 60 °C and the solution was stirred at 60 °C for 10 min. Then
the heating was removed and stirring was continued for 2 h at rt.
Additional donor 3 (2.0 g, 2.7 mmol) was added and the reaction
mixture was stirred overnight at rt. Then NaHCO; (10 g) was
added, it was filtered and purified by subsequent procedures, first
on Sephadex LH-20 (CH,Cl,-MeOH, 1 : 1) and then by flash
chromatography (hexane—cthyl acetate, 4 : 6) to yield the title
copound (231 mg, 91%) as a white amorphous solid. [a]¥ —30.0
(¢0.17, CH,Cl,). "HNMR (500 MHz, CDCl;): 6 = 8.12-7.70 (m,
88H, aryl-H), 7.55-7.00 (m, 132H, aryl-H), 6.25-6.05 (m, 11 H,
11 H-4,,.,), 5.98-5.86 (m, 11 H, 11 H-3,,,,), 5.78-5.60 (m, 12 H, 11
H-2,.., H-14), 5.23-4.92 (m, 12H, H-1,,, 11 H-1,,,), 4.80-4.56,
4.53-4.30 (each m, 11H, 22H, 11 H-5,,,, 11 H-6,,,, 11 H-6'..),
4.16-3.26 (m, 64H, H-3;., H-3,., H-4,,, H-5,., H-6,., H-6'y., H-
Lo, H-1' e, H-4pe, H=5e, H-6p2c, H-6'5e, H-2,01, H-301, H-41, H-5,1,
H-6,,, H-6'y,, 22 OCHHCH,CH,0OH, 22 OCH,CH,CHHOH,
H-2,.), 2.24-1.90 (m, 22H, OCH,CHHCH,0) ppm. *C NMR
(125.77 MHz, CDClL;): 6 = 165.9-165.1 (44 aryl-C), 133.2-128.2
(220 aryl-C), 104.5 (C-2;.), 97.9-97.5 (C-14, 11 C-1,,), 90.3
(C-14), 83.8, 83.3, 82.2, 80.8, 79.6, 78.5, 77.2, 75.7, and 75.5
(C-31s Codhey C-3ges C-240, C-5s C-3,0 Codye, C-2, Codyy),
73.4-71.5 (C-1g, C-64, C-54), 70.5-70.1 (11 C-2,,,, 11 C-3,,,
C-5..), 68.7 (11 C-5,.,), 70.0, 69.2, 69.1, 68.4-67.3 (11 (gal-,
gle-, frc-OCH,, C-6,,), 66.7 (11 C-4,,,), 66.0-65.4 (C-6, 11
man-OCH,), 62.6 (11 C-6,,,), 30.6-29.7 (11 OCH,CH,CH,0)
ppm. MALDI-TOF MS: 7525.7 (M + Na)* ion.

Undeca-0-[3«(o-D-mannopyranosyloxy)propyl]-D-raffinose (8-raf).
The protected cluster mannoside 7-raf (231 mg, 0.031 mmol) was
suspended in dry THF (50 mL), NaOMe (10 mg Na in 20 mL
MeOH) was added and the reaction mixture was stirred at rt for
4 h. Then, it was concentrated, the residue was dissolved in MeOH
(50 mL) and NaOMe (10 mg Na in 20 mL MeOH) was added. This
reaction mixture was stirred overnight at rt, then it was neutralized
with Amberlite IR 120, filtered and the residue was purified on
Sephadex LH-20 (eluent MeOH) to yield the unprotected title
compound (64 mg, 71%) as a colorless amorphous solid. [a]y
+71.5 (¢ 0.13, MeOH). '"H NMR (500 MHz, CDCl;): § = 5.62 (d,
1H, J, 20 3.5 Hz, H-1,,), 5.17 (s, 1H, H-1,,), 4.86-4.79 (m, 11H, 11
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H-1,), 4.15 (d, 1H, H-3;,), 4.07-3.47, 3.40-3.22 (m, 125H and
3H + MeOH, H-3,,, H-5,,, H-6,., H-6',, H-15,, H-1's,, H-4¢,
H-5;., H-65, H-6., H-2,,,, H-3,,,, H-4,,,, H-5,,, H-6,,, H-6,,, 22
OCHHCH,CH,0, 22 OCH,CH,CHHO, 11 H-4,,,, 11 H-3,,.,, 11
H-2,00, 11 H-5,00, 11 H-6,00, 11 H-6'0, H-2,, H-4,.), 2.02-1.83
(m, 22H, 22 OCH,CHHCH,OH) ppm. *C NMR (100.67 MHz,
D,-MeOH):6 = 101.9 (11x) (11 C-1,,,), 99.3 (C-1,,), 91.3 (C-1,,),
85.6 (C-3p0), 83.5 (2x) (C-44e, C-340), 82.1 (C-24.), 81.0 (C-5;.),
80.1 (C-3,4), 79.1 (C-4,.), 78.8 (C-2,01), 77.4 (C-44y1), 74.9 (11x) (11
C-5pan), 73.3 (2%) (C-1, C-64), 73.0 (12%) (C-5, 11 C-3,10), 77.5
(11x) (11 C-2n), 71.7 (2%), 71.1 (2), 69.7 (4x), and 69.1 (2x)
(CH,, C-6,, 11 gal-, glc-, frc-OCH,), 70.9 (C-5,,), 68.9 (11x) (11
C-4ppan), 66.0 (6x), 65.7 (6x) (C-64, 11 CH,CH,O(C-1,,,,)), 63.2
(11x) (11 C-6,,), 32.0-31.2 (11x) (11 OCH,CH,CH,0) ppm.
MALDI-TOF MS: 2948.6 (M + Na)* ion.

[2-(Allyloxy)ethyl]  2,3,4,6-tetra-O-|2-(allyloxy)ethyl]-a-D-glu-
copyranoside (10). The pentaol 9° (165 mg, 0.41 mmol) was
suspended in dry DMF (10 mL) and NaH (60% suspension in
paraffin oil, 200 mg, 5.0 mmol) and after 0.5 h, allyl bromide
(0.35 mL, 4.1 mmol), were added. The reaction mixture was
stirred overnight at rt, was then cooled to 0 °C and water (100 mL)
and toluene (100 mL) were added. The phases were separated and
the organic phase was washed twice with satd. aqueous sodium
chloride solution and twice with water. It was dried over MgSO,,
filtered and concentrated. Purification on silica gel (toluene—ethyl
acetate, 1 : 1) delivered the title compound as a colorless syrup
(134 mg, 54%). [a]2 +71.3 (¢ 0.38, CH,CL,). "H NMR (300 MHz,
CDCl): 0 = 5.97-5.81 (m, SH, 5 OCH,CHCH,), 5.31-5.21 (m,
5H, 5 OCH,CHCHH), 5.19-5.12 (m, 5H, 5 OCH,CHCHH),
4.99 (d, 1H, J,, 3.6 Hz, H-1), 4.10-3.86, 3.83-3.49 (each m, 13H
and 21H, H-3, H-5, H-6, H-6', 5 OCH,CH,0, 5 OCH,CH,O0, 5
OCH,CHCH,), 3.40 (dd ~ t, 1H, J 9.5 Hz, H-4), 3.38 (dd, 1H,
J,3 9.6 Hz, H-2) ppm. "C NMR (75.47 MHz, CDCl;): 6 = 134.9,
134.9, 134.8 (2x), 134.7 (5§ OCH,CHCH,), 116.9, 116.8 (2x),
116.7, 116.6 (5 OCH,CHCH,), 97.1 (C-1), 82.0 (C-3), 80.9 (C-2),
77.9 (C-4), 70.1 (C-5), 72.3, 72.2,72.1, 72.1 (2x), 72.0, 72.0, 70.8,
70.6, 69.8, 69.7, 69.6 (2x), 69.4, 69.1, 66.8 (C-6, 5 OCH,CH,0, 5
OCH,CH,0, 5 OCH,CHCH,) ppm.

(6-Hydroxy-3-oxa-hexyl) 2,3,4,6-tetra- O-(6-hydroxy-3-oxa-
hexyl)-a-D-glucopyranoside (11). The perallylated octopus
glucoside 10 (136 mg, 0.23 mmol) was dissolved in dry THF
(15 mL), treated with 9-BBN (5 mL, 2.5 mmol) and the reaction
mixture was heated under reflux for 1 h. The excess hydride was
destroyed by the addition of ice water and then aqueous NaOH
(3 M, 2.5 mL) and aqueous H,O, (30%, 2.5 mL) were added
dropwise at 0 °C. The reaction mixture was stirred overnight at
rt, then the solution was saturated with solid K,CQO;, the phases
were separated and the aqueous phase was washed with THF (2 x
40 mL). The combined organic phases was dried over MgSO,
and the solvent was removed after filtration. Purification on silica
gel (CH,CL,-MeOH, 6 : 1 — 5 : 1) yielded the title compound
as a colorless syrup (72 mg, 45%). [a]¥ +53.7 (¢ 0.66, MeOH).
'H NMR (300 MHz, D,-MeOH): 6 = 5.01 (d, 1H, J,, 3.6 Hz,
H-1), 4.09-3.58 (m, 44H, H-3, H-5, H-6, H-6¢', 5 OCH,CH,O0,
5 OCH,CH,CH,0H), 3.40 (d, 1H, J,; 9.6 Hz, H-2), 3.35 (m,
IH + MeOH, H-4), 1.88-1.76 (m, 10H, 5 OCH,CH,CH,OH)
ppm. *C NMR (75.47 MHz, D,-MeOH): 6 = 99.4 (C-1), 84.5
(C-3), 83.2 (C-2), 80.4 (C-4), 72.7 (C-5), 74.6, 74.4, 73.1, 73.0,

72.9, 72.8, 72.7, 72.4, 72.2, 72.0, 69.3 (C-6, 5 OCH,CH,0),
70.3 (5 OCH,CH,CH,0H), 61.3 (5 OCH,CH,CH,0H), 34.9 (5
OCH,CH,CH,OH) ppm. MALDI-TOF MS: m/z = 713.6 [M +
Na]* (690.4 calcd. for C;;Hi,O).

[6-0-(2,3,4,6-Tetra-O-benzoyl-a-D-mannopyranosyloxy)-3-oxa-
hexyl] 2,3,4,6-tetra-0-[6-(2,3,4,6-tetra- O-benzoyl-o-D-mannopy-
ranosyloxy)-3-oxa-hexyl]-a-D-glucopyranoside (12). A mixture
of the pentaol 11 (45 mg, 0.065 mmol) and the mannosyl donor
3 (2.30 g, 3.1 mmol) was dried under high vacuum and then
dissolved in dry CH,Cl, (4 mL) under an argon atmosphere. A
solution of TMS-OTf (5% in dry CH,Cl,, 0.2 mL) was added
and the reaction mixture was stirred overnight at rt. Then it
was neutralized with NaHCO; (1 g), filtered, concentrated and
the residue was purified by flash chromatography on silica gel
(cyclohexane—ethyl acetate, 3 : 2 — 1 : 1) to yield the title cluster
mannoside as an amorphous colorless solid (164 mg, 71%). [a]X
—35.4 (¢ = 0.11, CH,CL,)). '"H NMR (400 MHz, CDCl;): 6 =
8.12-8.08, 8.06-8.02, 7.97-7.93, 7.85-7.81, 7.59-7.53, 7.44-7.48,
7.43-7.30, 7.26-7.20 (each m, 10H, 10H, 10H, 10H, 10H, 5H,
35H, 10H, aryl-H), 6.17-6.10 (m, 5H, 5 H-4,.,), 5.91 (dd, 5H,
Josman 3-3 Hz, J34ma 10.3 Hz, 5 H-3,.,), 5.70 (dd, SH, J,mum
1.6 Hz, 5 H-2,,,,), 5.10-5.08 (m, 5H, 5 H-1,,,,), 4.99 (d, 1H, J, 4.
3.5 Hz, H-1,.), 4.72-4.68 (m, 5H, 5 H-6,,,,), 4.51-4.46 (m, 5H,
5 H-6.,), 4.45-4.40 (m, 5H, 5 H-5,,,), 4.08-4.00, 3.96-3.89,
3.86-3.75, 3.74-3.58 (each m, 2H, 6H, 6H, 30H, 44H, H-3,.,
H-5,., H-64., H-6'y,, 5 OCH,CH,OCH,CH,CH,0), 3.39-3.43
(m, 2H, H-4,., H-2,), 2.03-1.94 (m, 10H, 5 OCH,CH,CH,0)
ppm. “C NMR (125.76 MHz, CDClL;): 6 = 166.1-165.4 (20
CO,Ph), 133.4-128.3 (100 aryl-C), 97.7 (5 C-1,u), 97.2 (C-1y.),
82.1 (C-3,40), 80.9 (C-2,,), 78.1 (C-4y.), 72.4,72.2,70.8-70.6, 70.1,
69.9, 69.7, 67.7, 66.8 (5 OCH,CH,0, C-64.) 70.6 (5 C-2,,.,), 70.3
(C-540), 70.2 (5 C-3,un), 68.8 (5 C-5,in), 67.0 (5 C-4,,40), 65.7-65.6
(5 (C-1,,,)OCH,), 62.9 (5 C-6,y,,), 29.8-29.7 (5§ OCH,CH,CH,0)
ppm. MALDI-TOF MS: m/z = 3604.6 [M + Na]* (3581.2 calcd.
for CyH,9,061).

[6-O-(o-D-Mannopyranosyloxy)-3-oxa-hexyl] 2,3,4,6-tetra-O-
[6-O-(0-D-mannopyranosyloxy)-3-oxa-hexyl]-a-D-glucopyranoside
(13). The protected cluster mannoside 12 (137 mg, 0.038 mmol)
was dissolved in THF (20 mL) and treated with NaOMe (0.02 M
in MeOH, 10 mL). The reaction mixture was stirred at rt for
0.5 h, then it was neutralized by the addition of ion exchange resin
Amberlite IR 120, it was filtered, concentrated and then purified
on Sephadex LH-20 with methanol as the eluent. The unprotected
title compound was obtained as a colorless amorphous solid
(57 mg, quant.). [a]}) +72.8 (c 0.53, MeOH). '"H NMR (500 MHz,
D,-MeOH): 6 = 5.02 (d, 1H, J, 2. 3.7 Hz, H-1,.), 4.81-4.79 (m,
5H, 5 H-1,.,), 4.07-3.98, 3.94-3.53 (each m, 2H, 72H, H-3,,
H-54., 2 H-6,, 5 H-2,0, 5 H-3500, 5 H-4100, 5 H-5,0, 10 H-6,,,
5 OCH,CH,0CH,CH,CH,0), 3.42 (dd, 1H, J,; 9.7 Hz, H-2,,),
3.35(dd =~ t, IH + MeOH, J 9.4 Hz, H-4,,), 1.95-1.87 (m, 10H,
5 OCH,CH,CH,0) ppm. “C NMR (125.76 MHz, D,-MeOH): 6
= 102.7 (5 C-1yun), 994 (C-14), 84.5 (C-34), 83.2 (C-2y.), 80.4
(C-4y0), 75.7 (5 C-5,m), 74.6, 74.4 ((C-3,4)OCH,, (C-4,.)OCH,),
73.8 (5 C-3an)> 73.4 (5 C-2,0), 73.1, 72.9 (2x), 72.8, 72.7, 72.4,
72.2, 72.1 (C-64., 2 (glc)OCH,, 5 (glc)OCH,CH,), 72.8 (C-54),
70.2 (man-OCH,CH,CH,0), 69.8 (5 C-4,,.,), 69.4 (C-1,4.-OCH,),
66.6 (5 man-OCH,), 64.1 (5 C-6,,,), 32.1 (5 OCH,CH,CH,0)
ppm. MALDI-TOF MS: m/z = 1523.8 [M + Na]* (1500.7 caled.
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for C4H,,04). Anal. Calcd. for CqH,,,0,: C, 48.79; H 7.52.
Found: C, 49.09; H, 7.69%.

Acknowledgements

This work was supported by the DFG (Deutsche Forschungsge-
meinschaft) in the frame of SFB 470 and by the Fonds of the
German Chemical Industry (FCI).

References

1 R. A. Dwek, Biochem. Soc. Trans., 1995, 23, 1-25.

2 A. Varki, Glycobiology, 1993, 3, 97-130.

3 (a) R.Roy, Top. Curr. Chem., 1997, 187, 241-274; (b) P. Sears and C.-H.
Wong, Angew. Chem., Int. Ed., 1999, 38, 1875-1917; (c) L. L. Kiessling,
J. E. Gestwicki and L. E. Strong, Curr. Opin. Chem. Biol., 2000, 4,
696-703; (d) C. R. Bertozzi and L. L. Kiessling, Science, 2001, 291,
2357-2364; () W. B. Turnbull and J. F. Stoddart, Rev. Mol. Biotechnol.,
2002, 90, 231-255; (f) T. K. Lindhorst, Top. Curr. Chem., 2002, 218,
201-235; (g) B. Davis, Chem. Rev., 2002, 102, 579-601.

4 (a) C. Kieburg, M. Dubber and T. K. Lindhorst, Synlert, 1997, 1447
1449; (b) M. Dubber and T. K. Lindhorst, J. Carbohydr. Chem., 2001,
20, 755-760.

5 M. Dubber and T. K. Lindhorst, Carbohydr. Res., 1998, 310, 35-41.

6 M. Dubber and T. K. Lindhorst, J. Org. Chem., 2000, 65, 5275-5281.

7 (a) R. Nuck, C. Paul, B. Wieland, C. Heidrich, C. C. Geilen and W.
Reutter, Eur. J. Biochem., 1993, 216, 215-221; (b) A. P. Sherblom and
R. M. Smagula, Methods Mol. Biol., 1993, 14, 143-149; (¢) C. Kuo, N.
Takahashi, A. F. Swanson, Y. Ozeki and S. Hakomori, J. Clin. Invest.,
1996, 98, 2813-2818; (d) 1. Botos and A. Wlodawer, Prog. Biophys.
Mol. Biol., 2005, 88, 233-282.

8 G. Wulffand G. Rohle, Angew. Chem., Int. Ed. Engl.,1974,13, 157-171.

9 R. R. Schmidt and W. Kinzy, Adv. Carbohydr. Chem. Biochem., 1994,
50, 21-123.

10 N. Rockendorf, O. Sperling and T. K. Lindhorst, Aust. J. Chem., 2002,
55, 87-93.

11 (a) R. M. Rowell and M. S. Feather, Carbohydr. Res., 1967, 4, 486~
491; (b) G. Excoffier, D. Gagnaire and J. O. Utille, Carbohydr. Res.,
1975, 39, 368-373; (¢) A. Nudelman, J. Herzig, H. E. Gottlieb and J.
Stirling, Carbohydr. Res., 1987,162,145-152; (d) J. Zhang and P. Kovac,
J. Carbohydr. Chem., 1999, 18, 461-469; (¢) J. Fiandor, M. T. Garcia-
Lopez, G. G. de las Heras and P. P. Méndez-Castrillon, Synthesis, 1985,
1121-1123; (f) K. Bhaumik, P. D. Salgaonkar and K. G. Akamanchi,
Aust. J. Chem., 2003, 56, 909-911.

12 A. V. Nikolaev, I. A. Ivanova, V. N. Shibaev and N. K. Kochetkov,
Carbohydr. Res., 1990, 204, 65-78.

13 Dimethylamine in ethanol can be used for anomeric deacetylation
and debenzoylation of glucose and galactose derivatives as well. In
these cases THF should be used as the solvent instead of pyridine.
The reactivities in this anomeric deprotection reaction were found to
decrease as follows: Ac;Glc = AcsMan < Ac;Gal « Bz;Glec < Bz;Man
<« BzsGal.

14 F. Bien and T. Ziegler, Tetrahedron: Asymmetry, 1998, 9, 781-790.

15 T. K. Lindhorst, M. Dubber, U. Krallmann-Wenzel and S. Ehlers,
Eur. J. Org. Chem., 2000, 2027-2034.

16 G. Zemplén and E. Pascu, Ber. Dtsch. Chem. Ges., 1929, 62, 1613-1614.

17 M. Dubber and T. K. Lindhorst, Org. Lett., 2001, 3, 4019-4022.

18 R. R. Schmidt, M. Behrendt and A. Toepfer, Synlett, 1990, 694-696.

19 1. Tvaroska and F. R. Taravel, Adv. Carbohydr. Chem. Biochem., 1995,
51, 15-61.

20 (a) G. Kretzschmar, U. Sprengard, H. Kunz, E. Bartnik, W. Schmidt,
A. Toepfer, B. Horsch, M. Krausse and D. Seiffge, Tetrahedron, 1995,
51, 13015-13030; (b) A. Kichler and F. Schubert, Glycoconjugate J.,
1995, 12, 275-28]1.

21 (a) N. Sharon and H. Lis, Glycobiology, 2004, 14, S3R-62R; (b) K. J.
Doores, D. P. Gamblin and B. G. Davis, Chem.—FEur. J., 2006, 12, 656—
665; (c) V. Bogoevska, A. Horst, B. Klampe, L. Lucka, C. Wagener and
P. Nollau, Glycobiology, 2006, 16, 197-209.

22 (a) P. Klemm and K. A. Krogfelt, in Fimbriae: Adhesion, Genetics,
Biogenesis and Vaccines, ed. P. Klemm, CRC Press, Boca Raton, 1994,
pp- 9-26; (b) J. Berglund and S. D. Knight, Adv. Exp. Med. Biol., 2003,
535, 33-52; (¢) N. Sharon and H. Lis, Glycobiology, 2004, 14, 53-62.

23 M. Vetsch, C. Puorger, T. Spirig, U. Grauschopf, E.-U. Weber-Ban and
R. Glockshuber, Nature, 2004, 431, 330-332.

24 N. Sharon, FEBS Lett., 1987, 217, 145-157.

25 G. H. Jones and C. E. Ballou, J. Biol. Chem., 1969, 244, 1043-1051.

26 P. Klemm, B. J. Jorgensen, 1. van Die, H. de Ree and H. Bergmans,
Mol. Gen. Genet., 1985, 199, 410-414.

27 O. Sperling, A. Fuchs and T. K. Lindhorst, Org. Biomol. Chem., 2006,
DOI: 10.1039/b610745a.

28 O. Sperling, Diploma Thesis, Hamburg and Kiel, 2001.

29 N. Firon, I. Ofek and N. Sharon, Carbohydr. Res., 1983, 120, 235-249.

30 C.-W. von der Lieth, M. Frank and T. K. Lindhorst, Rev. Mol.
Biotechnol., 2002, 90, 311-337.

31 H.-J. Gabius, H.-C. Siebert, S. André, J. Jiménez-Barbero and H.
Ridiger, ChemBioChem, 2004, 5, 740-764.

32 (@) M. Mammen, S.-K. Choi and G. M. Whitesides, Angew. Chem., Int.
Ed.,1998,37,2755-2794; (b) R. T. Lee and Y. C. Lee, Glycoconjugate J.,
2000, 17, 543-551; (¢) T. K. Lindhorst, Top. Curr. Chem., 2002, 218,
201-235; (d) T. Christensen, D. M. Gooden, J. E. Kung, J. I. Nasas and
E. J. Toone, J. Am. Chem. Soc., 2003, 125, 7357-7366; (¢) P. 1. Kitov
and D. R. Bundle, J. Am. Chem. Soc., 2003, 125, 16271-16284; (f) M.
Ambrosi, N. R. Cameron and B. G. Davis, Org. Biomol. Chem., 2005,
3, 1593-1608; (g) L. L. Kiessling, J. E. Gestwicki and L. E. Strong,
Angew. Chem., Int. Ed., 2006, 45, 2348-2368.

33 (a) D. Choudhury, A. Thompson, V. Stojanoff, S. Langerman, J.
Pinkner, S. J. Hultgren and S. Knight, Science, 1999, 285, 1061-1066;
(b) C. S. Hung, J. Bouckaert, D. Hung, J. Pinkner, C. Widberg, A.
Defusco, C. G. Auguste, R. Strouse, S. Langermann, G. Waksman and
S. J. Hultgren, Mol. Microbiol., 2002, 44, 903-918; (c) J. Bouckaert, J.
Berglund, M. Schembri, E. D. Genst, L. Cools, M. Wuhrer, C.-S. Hung,
J. Pinkner, R. Slittegard, A. Zavialov, D. Choudhury, S. Langermann,
S. J. Hultgren, L. Wyns, P. Klemm, S. Oscarson, S. D. Knight and H. D.
Greve, Mol. Microbiol., 2005, 55, 441-455.

34 T. K. Lindhorst, S. Kétter, U. Krallmann-Wenzel and S. Ehlers,
J. Chem. Soc., Perkin Trans. 1,2001, 823-831.

3912 | Org. Biomol. Chem., 2006, 4, 3901-3912

This journal is © The Royal Society of Chemistry 2006






PAPER

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

Evaluation of the carbohydrate recognition domain of the bacterial adhesin
FimH: design, synthesis and binding properties of mannoside ligands

Oliver Sperling, Andreas Fuchst and Thisbe K. Lindhorst*}

Received 26th July 2006, Accepted 5th September 2006

First published as an Advance Article on the web 25th September 2006

DOI: 10.1039/b610745a

Fimbriae are proteinogeneous appendages on the surface of bacteria, which mediate bacterial adhesion
to the host cell glycocalyx. The so-called type 1 fimbriae exhibit specificity for a-D-mannosides and,
therefore, they are assumed to mediate bacterial adhesion via the interaction of a fimbrial lectin and
a-D-mannosyl residues exposed on the host cell surface. This carbohydrate-specific adhesive protein
subunit of type 1 fimbriae has been identified as a protein called FimH. The crystal structure of this
lectin is known and, based on this information, the molecular details of the interaction of mannoside

ligands and FimH are addressed in this paper. Computer-based docking methods were used to evaluate
known ligands as well as to design new ones. Then, a series of new mannosides with extended aglycon
was synthesized and tested as inhibitors of type 1 fimbriae-mediated bacterial adhesion in an

ELISA. The results obtained were compared to the predictions and findings as delivered by molecular
modeling. This study led to an improved understanding of the ligand-receptor interactions under

investigation.

Introduction

Bacterial colonization of organs and cells respectively can cause
severe problems for an organism. When Escherichia coli bacteria,
which are commensal residents of the intestine, enter the urogenital
tract and multiply in the bladder, for example, the body reacts
with inflammation, such as in the case of cystitis.! Colonization
of the stomach by Helicobacter pylori causes inflammation in the
stomach (gastritis) as well as ulceration of the stomach or peptic
ulcer disease.”

In order to understand the molecular circumstances of such
processes, it is reasonable to begin with the investigation of the
molecular interactions between bacteria and their host cells. These
involve adhesion of bacteria to the glycocalyx, a complex nano-
dimensioned layer of diverse glycoconjugates, which covers every
eukaryotic cell. Bacteria enable adhesion to the glycocalyx by
adhesive organells called fimbriae or pili.* Fimbriae are classified
according to their carbohydrate specificity. The so-called type 1
fimbriae express a specificity for terminal o-mannosyl residues,
which is mediated by a lectin called FimH forming a minor
component of the fimbrial protein complex.* According to many
studies, type 1 fimbriae are an important and critical factor for
bacterial virulence, such as for uropathogenic E. coli.’

Since more than three decades, researchers have investigated
various mannosides and oligosaccharides as inhibitors for type
1 fimbriac-mediated bacterial adhesion.® The purpose of this
research has been twofold: (i) this work has been carried out to
learn more about the molecular details of bacterial adhesion to
the host cell glycocalyx and (ii) there has been a hope to develop
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carbohydrate-based antiadhesives, which might eventually be used
as therapeutics against bacterial colonization and infection.”

When type 1 fimbriae-mediated binding to various mannosides
and mannose-containing ligands is tested in an ELISA (enzyme-
linked immunosorbent assay), weak interactions are observed with
ICs, values in the millimolar and low micromolar range. Attempts
to improve mannose ligands as inhibitors of type 1 fimbriae-
mediated bacterial adhesion followed two different approaches: (i)
multivalent carbohydrate ligands have been designed (¢f. preceding
paper?®) to utilize known multivalency effects,® and (ii) target design
of ligands has been employed to optimize the interactions of
a carbohydrate ligand to the carbohydrate recognition domain
(CRD) of the bacterial adhesin.'

Rational design of carbohydrate ligands for FimH can been
guided by information obtained from the crystal structure of the
bacterial adhesin. The first X-ray structure of FimH with a ligand
bound to its carbohydrate recognition domain (CRD), in complex
with the chaperone FimC, was published in 1999," and was
followed by two other X-ray studies, which appeared in 2002'* and
2005, respectively.’* We have employed this structural information
on FimH for our study on the design of carbohydrate ligands for
FimH, which is reported here, together with their synthesis and
biological testing.

Results and discussion

Well-known ligands for FimH are depicted in Scheme 1. The
binding potency of methyl o-D-mannoside (1, MeMan) to
FimH lies in the millimolar range as reflected by inhibition
of hemagglutination or by ELISA, respectively.* On the other
hand, o-D-mannosides carrying an aromatic aglycon such as p-
nitrophenyl a-D-mannoside (2, pPNPMan) and methylumbelliferyl
o-D-mannoside (3, MeUmbMan), show a potency as inhibitors of
type 1 fimbriae-mediated bacterial adhesion, which is increased by
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Scheme 1 Standard mannoside ligands for the bacterial lectin FimH.

two orders of magnitude when compared to MeMan.® This can
be understood on the basis of the crystal structure of the adhesive
protein FimH. All three available X-ray analyses reveal a single
carbohydrate recognition domain (CRD) on the tip of the FimH
protein, with the size of a monosaccharide.

This CRD perfectly accommodates an o-D-mannosyl residue.
It is mainly comprised of amino acids with hydrophilic side
chains, including the N-terminal amino acid of the protein, PHE1
(Fig. 1a). These amino acid side chains and, in particular, the
central aspartic acid ASP54 support complexation of the six-
membered ring of a-D-mannosides within the CRD with the a-
glycosidic linkage pointing outwards of the binding site.

ASP54  ASN135
. o/
{

" THRI134

I'HI’I]_‘:_i
1

© ASP140

A

\ PHE142

a) h)

Fig.1 Details of the carbohydrate recognition domain (CRD) of FimH as
revealed by X-ray analysis.”> Mannose is depicted in the binding pocket as
surface representation. a) The interior of the carbohydrate binding pocket
of FimH is mainly comprised of amino acids with hydrophilic side chains,
including PHEI, the N-terminal amino acid of the protein. Especially,
the central aspartic acid forms strong interactions with the complexed
mannose or mannoside, respectively. b) The exterior of the FimH CRD
is characterized by amino acids with hydrophobic side chains, defining
a so-called “hydrophobic ridge”. The amino acids TYR48 and TYR137
flank the entrance of the binding pocket forming a gate which has been

called the “tyrosine gate”.!"!?

The exterior of the CRD on the other hand is characterized
by amino acids with rather lipophilic side chains, defining a so-
called ‘hydrophobic ridge’ at the entrance of the CRD'** (Fig. 1b).
Two aromatic amino acid side chains of this protein environment,

the phenol moieties of TYR48 and TYR137, define a molecular
entrance to the CRD, which has been named the ‘tyrosine gate’.!"!?

The aromatic aglycon of an appropriate mannoside ligand can
establish favorable m—m-interactions with this tyrosine gate, thus
leading to significantly improved affinities of mannosides such as
pNPMan (2) and MeUmbMan (3) in comparison to MeMan (1).

Based on this knowledge, we anticipated that mannosides with
an extended aromatic aglycon could satisfy further interactions
with the CRD exterior, thus improving binding to FimH. To allow
extension of the aglycon moiety of an o-D-mannoside according
to a general strategy, we have employed squaric acid diester
(diethylsquarate, DES)" as a bifunctional linker,'* and have tested
it with 2-aminoethyl a-D-mannoside (5, Scheme 2) first. Reaction
of the amine 5 with DES in methanol gave literature-known 6'
in a smooth reaction, and eventually 9 could be obtained starting
from p-aminophenyl a-D-mannoside (7)" in analogy.

When tested in an ELISA, the potency of mannoside 6 as an
inhibitor of type 1 fimbriae-mediated bacterial adhesion was poor
as expected, whereas the inhibitory potency of the squaric acid
monoester 9 was increased 1800-fold when compared to methyl
a-D-mannoside (MeMan, 1) and some 60 times higher than that
of p-nitrophenyl o-D-mannoside ()NPMan, 2) in the same assay
(Table 1). Therefore, we concluded that the extended aglycon
moiety of 9 can establish additional, favorable interactions at the
entrance of the FimH CRD.

Consequently, we have employed computer-aided modeling to
rationalize the measured inihibitory potencies of the various FimH
ligands. We have used FlexX® flexible docking and consensus
scoring® as implemented in Sybyl6.8** for docking of known

Table 1 FlexX scoring values as obtained by ligand docking are com-
pared to the potencies of the different mannosides as inhibitors of
the mannose-specific adhesion of E. coli to mannan as determined by
ELISA. Lower scoring values correspond to higher affinities to the protein
FimH. Relative inhibitory potencies (RIP) are relative to the ICs, value
measured for methyl o-D-mannoside (1); thus the inhibitory potency of 1
has been defined as RIP = 1. The listed RIP is an average value of the
results of at least three independently performed ELISAs and therefore
reported with its standard deviation

Mannosides investigated Score* RIP? s.d.c

1 (MeMan) —22.5 1 —
2 (p)NPMan) —24.9 31 13

3 (MeUmbMan) —20.2 380 240
4 (BuMan) —20.5 5.7 0.32
6 —26.5 2.7 0.43
8 —25.4 200 44
9 —29.2 1800 920
10 —26.9 6900 2300
11 —26.6 210 100
12 —20.7¢ 340 150
13 —22.0° 430 210
14 —24.3 330 46

“If not otherwise indexed, values for top scorers are listed (if the respective
conformation is reasonable, i.e. the mannosyl aglycon of the ligand is
placed correctly inside the CRD). ® RIP = relative inhibitory potency.
¢s.d. = standard deviation. ¢ The highest seeded score with a reasonable
conformation out of 90 docked solutions, which were considered for
scoring, was hit number 12. ¢ The highest seeded score with a reasonable
conformation out of 90 docked solutions, which were considered for
scoring, was hit number 60./ The highest seeded score with a reasonable
conformation out of 90 docked solutions, which were considered for
scoring, was hit number 67.
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and potential carbohydrate ligands into the CRD of FimH and
for scoring of the obtained ligand conformations. Docking was
based on the published X-ray structure with D-mannose bound
in the CRD.”? This FimH CRD was held fixed during the
minimization, whereas the sugar ligand was allowed to change
its conformation freely under the influence of the force field. The
ligand conformations delivered by FlexX as docking solutions
are regarded as “unrelaxed”. To release artificial strains, which
might arise during the docking process, such conformations can
be further proceeded in an energy minimization to deliver so-called
“relaxed” conformations, which might differ from the unrelaxed
solutions.®

Either unrelaxed or relaxed (or both) solutions of the docking
have to be submitted to a scoring process to identify the most
reasonable results. In this process, FlexX produces so-called
scoring values for each docked ligand, which can be regarded
as a rough estimate of its free binding energy. Low (more negative
respectively) scoring values correlate with high affinities, higher
scores reflect diminished binding potency. To validate FlexX
scoring, in addition to the FlexX scoring function, a number of
other scoring functions based on different algorithms were used
for scoring of docking results and the scoring results obtained
were evaluated according to the consensus scoring strategy.?* This
procedure allows a most reliable ranking of the docked solutions.

In the case of MeMan (1), docking with FlexX reproduces
both conformation and orientation of the sugar ring in the
CRD of FimH as observed by X-ray analysis of this lectin—sugar
complex.’ No difference between the unrelaxed and respective
relaxed docking solutions was found in this case and all following
ones. The mannosyl glycon is buried in the binding pocket and the
a-configured methyl aglycon points outwards of the pocket. In the
case of 2 (p)NPMan), the mannosyl residue maintains its perfect fit
within the CRD and an ideal geometry of the a-positioned aglycon
allows optimal interactions of the aromatic p-nitrophenyl aglycon
with the tyrosine gate of the CRD formed by TYR48 and TYR137
(Fig. 2). These lipophilicinteractions of the p-nitrophenyl ring with
the tyrosine gate lead to higher affinity to the receptor and this is

Fig. 2 Fit of top scoring conformation of pNPMan (2) depicted in the
FimH CRD. The glycon moiety of the mannoside is buried in the rather
deep binding pocket, whereas the phenyl aglycon sticks out of this pocket
interacting with the hydrophobic tyrosine gate at the entrance of the CRD.

reflected in a scoring value of —24.9 which is significantly lower
than that of MeMan (—22.5, Table 1). This finding corresponds to
the measured inhibitiory potency of pNPMan, which is 31-times
higher (RIP = 31) than that of MeMan (RIP = 1).

In the case of the new squaric acid derivative 9, docking revealed
additional interactions of the extended aglycon moiety with the
FimH CRD when compared to pNPMan (2). Orientation of the
phenyl ring in 9 is as in 2 however, the squaric acid sub-structure
with its planar geometry forms further interactions with the
tyrosine gate (Fig. 3a). This moiety is also able to interact with the
THRS51 hydroxyl group on the distal end of the gate by hydrogen-
bridging, and this is reflected by a diminished scoring value of
—29.2 (Table 1). The affinity to FimH is reduced dramatically
when the phenyl ring in 9 is replaced by an ethyl spacer such as in
the case of 6 (score —26.5, RIP 2.7, Table 1). Visual inspection of
the docking results for 6 reveals that the ethyl spacer is too short to
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a) b)

Fig.3 Fit of top scoring conformations of designed mannoside ligands 9
and 10 in the CRD of FimH. a) Top scoring conformation of the squaric
acid ethylester 9. In addition to the phenyl ring, the squaric acid part also
interacts with the tyrosine gate, thus increasing the contact area between
protein and ligand. In addition, 9 interacts with the hydroxyl group of the
distal THRS51 by hydrogen-bridging. These interactions sum up, resulting
in a higher affinity as reflected by lower ICs, values on the one hand and
lower scoring values on the other. Circled in yellow, a depression in the
hydrophobic ridge can be seen, which is not satisfied by ligand 9. b) Top
scoring conformation of the o-chloro-substituted squaric acid ethylester 10
depicted in the CRD of FimH as a CPK model. The chloro substituent in
the o-position of the phenyl ring fits into a depression of the hydrophobic
ridge, thus further increasing the contact area between protein and ligand,
as the favorable interaction of the aglycon moiety of 10 remains the same
as in the case of its analog 9.

allow the squaric acid moiety to properly interact with the tyrosine
gate and also H-bonding with the tyrosine OH-group is no more
possible (Figure not shown).

Upon validation of the fit of mannoside 9 within the CRD of
FimH, a lack of contact between protein and ligand in a depressed
area of the hydrophobic ridge (encircled in yellow in Fig. 3a)
became obvious. Thus, we have anticipated that the binding affinity
of 9 might be further improved by introduction of a hydrophobic
substituent in the o-position of the phenyl ring. Therefore, we
started the synthesis of o-chlorophenyl mannoside 10 employing
literature-known mannoside 8 (Scheme 2).* Reduction of the
p-nitro group in 8 and subsequent coupling with DES could
be carried out in a one-pot procedure in good yield without
isolation of the intermediate amine. Testing results obtained with
mannoside 10 supported our initial considerations. Its inhibitory
potency was increased up to 6900-fold as compared to MeMan
(1) and almost four-fold when compared to 9 (Table 1).

Interestingly, docking of 10 and scoring of the obtained ligand
conformations delivered a relatively weak scoring value of —26.9,
thus 10 scores worse than 9 (score —29.2) though it performs better
in the ELISA. On the other hand, all top-ranking conformations
of the o-chloro-substituted mannoside 10 reflect an increased
lipophilic contact area between the ligand and the CRD (Fig. 3b).
Thus, in the case of ligand 10 the “in silico” findings are only
partly in agreement with the results obtained by biological testing.
It should be kept in mind that the potent ligand 10 was discovered
by rational concluding from the docking solutions for mannoside
9 rather than by unreflected (“blind”’) docking and scoring.

Then we set out to improve the binding affinity of ligands by
further increasing the lipophilic contact surface between the ligand
aglycon and the entrance of the binding pocket. We decided to

attach various peptide side chains in the p-position of the aromatic
phenyl ring of 9 by using the squaric acid linkage chemistry.
A first ligation of DES with the amine 7 led to 9 and then a
second ligation step with an amino acid or peptide derivative,
respectively, was performed in basic media exploiting the capacity
of squaric acid amide monoesters to react with a second amine
only under basic conditions.'s This procedure yielded the amino
acid glycosides 11, 12, 13 and 14, respectively (Scheme 3) in
yields between 40 and 60%. Triglycine, tetraglycine, pentaglycine
and tyrosine methylester were used in the last ligation step. The
somewhat moderate yields are due to the reduced nucleophilicity
of the N-terminal amino functions of the employed peptides.

Docking of glycopeptides 11 to 13 reveals a complex situation.
These glycopeptide derivatives with elongated peptide aglycon
moieties carrying three, four and five glycin residues, respectively,
result in top-ranking conformations, with excellent scoring values
between —45 and —47, however the mannosyl glycon is not placed
within the binding pocket anymore. In all three cases, top-ranking
conformations refer to the molecule wound around the protein
to maximize the ligand-receptor contact area. The increased
lipophilic contact surface results in a very low scoring value
however, the underlying docking solutions cannot be considered
as reasonable, based on the initial assumption that ligand binding
of FimH depends on complexation of an o-D-mannosyl residue
within the CRD.

This finding is typical for docking of larger ligands, as rather
large molecules tend to give higher scores. In addition, the number
of rotable bonds reaches a value which is limiting for the FlexX
algorithm, thus leading to unreliable results.® The situation in the
case of the glycopeptide mimetic 14 is similar, except that, owing to
the aromatic side chain in the aglycon moiety, none of the docked
conformations can be oriented such that the molecule receives a
convenient fit with regard to the protein surface of FimH.

To allow at least the comparison of the docking results obtained
for 11, 12, 13 and 14 with those obtained with 1-4 and 6-10, only
those conformations out of 90 docking solutions were considered,
which have the mannosyl aglycon positioned properly inside the
CRD. From this collection of solutions, the highest ranking hit
was included in Table 1. After all, the scores obtained for ligands
11-14 cannot be expected to correlate with the affinities deduced
from ELISA.

Considering the results obtained for the ligands 1, 2, 3, 4, 6, and
8-10, it can be seen from Table 1 that evaluation of ligand quality
by either docking and scoring of the docking results or by ELISA
reflected corresponding trends in many, but not all cases. In the
case of the methylumbelliferyl mannoside 3, docking places this
ligand at the last position of the ranking list of the above mentioned
eight mannosides, whereas biological testing reflects the third-best
inhibitory potency for 3 among the same eight ligands.

The rather weak scoring value of —20.2 obtained for 3 is the
result of FlexX scoring based on the X-ray structure of FimH in
complex with mannose.’> When the most recent crystal structure
for FimH, in which the lectin is complexed with butyl o-D-
mannoside (4),"* was used as the basis for docking, a different
assessment of the binding energy of 3 resulted, delivering a
score of —29.0, which correlates much better with its measured
inhibitory potency. Searching for the critical difference between
the two different X-ray structures of FimH, it can be seen that
they differ only in the conformation of the tyrosine gate at the
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entrance of the binding pocket (Fig. 4). In the case of the FimH
crystal with o-mannose in the binding pocket, the conformation
of this tyrosine gate can be considered as “open”, whereas FimH
in complex with butyl a-D-mannoside has crystallized with the
tyrosine gate “closed”. This is due to a change in the torsion angle
in the TYRA4S substructure CO-Co-CB-C,,; from 70.1° (“open”)
to 201.3° (“closed”).

To estimate the impact of this difference on scoring, all docking
studies were performed once again using the “closed” gate lectin
structure as the receptor. In Table 2 the new ranking results are
collected and compared to the older ones from Table 1, which
were obtained with the “open” gate FimH structure. In Table 3
a ranking list for the investigated compounds is provided which
was deduced from the results from three different approaches.

Table 2 Comparison of the scoring values for eight selected ligands as obtained from docking based on two different crystal structures

Ligand Score mannose “open” gate Score BuMan (4)° “closed” gate RIP based on MeMan
1 (MeMan) -22.5 —233 1

2 (pNPMan) —24.9 —27.4 31

3 (MeUmbMan) —20.2 —29.0 380

4 (BuMan) —20.5 —21.5 5.7

6 —26.5 —233 2.7

8 —25.4 -27.9 200

9 -29.2 —33.2 1800

10 -26.9 —32.8 6900

“Based on crystal structure of FimH complexed with a-mannose.'? ® Based on crystal structure of FimH complexed with n-butyl a-mannoside.'
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Table 3 Ranking of compounds collected in Table 2 according to scoring
and ELISA; ranking leads from weak to better inhibitors. Significant
variations of the ranking resulting from different evaluation approaches
concern especially compounds 3 and 6

Ranking list According  According  According to
(increasing to scoring to scoring ELISA
potencies) with with
“open” “closed”
gate gate
structure® structure®
1. 3 4 1
2 4 1,6 6
3. 1 4
4 2 2 2
5 8 8 8
6 6 3 3
7. 10 10 9
8. 9 9 10

“ Based on crystal structure of FimH complexed with o-
12

mannose.!'?

® Based on crystal structure of FimH complexed with n-butyl o-
mannoside. !

Fig.4 Comparison of two different X-ray structures available for FimH.
a) The crystal structure of FimH complexed with a-mannose is depicted
(with the tyrosine gate “open”).!? This structure allows only a suboptimal
interaction of the aromatic aglycon moiety of mannoside 3 (MeUmbMan)
with the tyrosine residues at the entrance of the CRD. Consequently FlexX
docking delivers a relatively high (less negative) scoring value (—20.2),
and this weak score is in disagreement with the relatively high inhibitory
potency of 3 as measured by ELISA. b) The crystal structure obtained of
FimH complexed with butyl a-mannoside (4) is depicted (with the tyrosine
gate “closed”)."* When this structure was used for ligand docking, the
aglycon of 3 can be favorably aligned with the surface area of the protein
CRD, leading to a more negative score of —29.0. This low score correlates
with the experimental affinity of 3 as measured in the ELISA.

It can be seen that the scores obtained based on the n-butyl
mannoside-complexed FimH structure are in fine accordance with
the ranking as measured by ELISA, other than in case of our first
study based on the X-ray analysis with FimH in complex with
mannose. The discrepancy concerns especially methylumbelliferyl
a-D-mannoside (3) and the squaric-acid modified mannoside 6.
This can be reasoned by differences regarding the exposed
lipophilic surface at the CRD entrance. In the case of the

BuManFimH structure (Fig. 4b), the entire aromatic surface of
the aglycon moiety of mannoside 3 can interact with the CRD
entrance, while maintaining an optimal fit of the mannosyl glycon
within the CRD. On the other hand, less favorable interactions
are established between the same ligand and the “open-gate”
structure (Fig. 4a). This increase in contact area changing from
the “open” to the “closed” gate receptor conformation is even
more pronounced in the case of the squaric acid derivatives 9 and
10, resulting in drastically enhanced, that is lower, scoring values.
Similar considerations may explain the differing values for 6.

The docking and scoring results for the n-butyl mannoside-
based crystal structure are in good agreement with the experi-
mental ranking for the compounds with a more rigid aglycon.
Inadequate ranking occurs again for compounds 11-14 having a
very flexible aglycon. In the scoring process, the entropic penalty,
which has to be paid upon binding of this type of highly flexible
ligands outweighs the energetic gain, which is achieved through
an increased contact surface between ligand and receptor.

It seems that most of the investigated ligands can interact more
efficiently with the “closed” gate structure of FimH. However, the
tyrosine gate is a very flexible region of the protein not enclosed
or hindered by other protein parts. For the n-butyl mannoside 4
both protein conformations, “open” and “closed”, can be found.*
This might indicate a protein-ligand interaction of an “induced
fit”-type, which depends on the type of bound ligand, forcing the
protein to adopt a certain conformation.

Conclusions

We have combined our know-how in molecular modeling, carbo-
hydrate synthesis and glycobiology to shed light on the molecular
details of carbohydrate binding as mediated by bacterial type
1 fimbriae. We employed the structural information about the
protein FimH, the adhesive sub-structure of type 1 fimbriae,
which is available from, so far, three X-ray studies. These X-ray
studies are consistent in that they reveal a single carbohydrate-
binding site at the tip of FimH, which can accommodate an
a-D-mannosyl residue, with the aglycon of an a-D-mannoside
sticking out of the CRD. On the basis of this information
about the adhesin FimH, multivalency effects as measured in
various inhibition studies cannot be understood or rationalized
(¢f. preceding paper®). However, the differing potencies of a-D-
mannosides with varying aglycon portions as inhibitors of type
1 fimbriae-mediated bacterial adhesion can be rationalized by
comparison of the results obtained by computer-aided docking
on one hand and ELISA on the other. In some of the investigated
cases, especially in the case of 3, the two sets of information
(obtained by docking based on the ManFimH structure'? and
ELISA, respectively) were not congruent and this prompted us to
compare the available crystal structrues of FimH. While the two X-
ray studies published first'"* showed no significant difference with
regard to the protein structure, the most recent X-ray analysis'®
revealed a different conformation of the two tyrosine residues at
the periphery of the CRD, resembling a “closed” gate rather than
an “open” one. Depending on which structure was employed as
the basis for ligand docking, scoring of the docking results for a
series of investigated ligands led to different ranking lists. This “in
silico” result, which has been discussed in this paper, also points
at the biological circumstances of ligand binding to FimH. It
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has to be considered that the flexibility of the protein receptor
in solution and its CRD, respectively, can significantly influence
ligand binding, and this understanding may have important
implications for the biology of carbohydrate-dependent bacterial
adhesion, which awaits further investigation. Even the finding
that fimbriae-mediated bacterial adhesion is often flow-regulated®
might be reconsidered with regard to lectin flexibility.

A second conclusion which can be drawn from this study with
regard to ligand design is that a strategy counting on additional
interactions mediated by the aglycon moiety of a-D-mannoside
ligands to improve receptor binding has its limitations. Once the
aglycon gets too large it may establish enough interactions in
the periphery of the FimH CRD so that the mannosyl glycon
gets disconnected from the binding pocket, resulting in an overall
diminished affinity. In addition, in the case of mannosides with a
highly flexible aglycon, the entropic penalty which has to be paid
for the complexation with the receptor protein FimH compensates
the enthalpic gain. Such an understanding of ligand binding to
FimH will also be of importance once binding of multivalent
carbohydrate ligands is under investigation.

It will be the aim of our future work to gain a better insight
into the processes of bacterial adhesion, based on the results of
this contribution and of the preceding paper®; and we will direct
our attention to the mechanistic and biological implications of our
research.

Experimental
General remarks

All chemicals and solvents were used without further purification,
with the exception of methanol which was distilled prior to
use. Optical rotations were measured with a Perkin Elmer 241
polarimeter (10 cm cells, sodium D line: 589 nm). NMR spectra
were recorded at 300, 500 or 600 MHz on Bruker ARX 300
(300 MHz for 'H, 75.47 for “C), Bruker DRX 500 (500 MHz
for 'H, 125.75 for ¥C) and Bruker ARX 600 (600 MHz for 'H,
150.92 MHz for *C) instruments with Me,Si (6 = 0) as internal
standard. Flash column chromatography was performed on silica
gel 60 (230-400 mesh, Merck). Purifications on RP-Gel were
carried out with a Biichi MPLC apparatus using Merck Licroprep
RP18 coloums. MALDI-TOF MS spectra were measured on
a Bruker Biflex apparatus at 19 kV Voltage with a sinapinic
acid matrix (saturated sinapinic acid in 9 : 1 water—acetronitrile
containing 0.1% trifluoroacetic acid). Optical densities (ODs) were
measured on an Asys DigiScan 400 ELISA reader at 405 nm with
the reference read to 492 nm. ELISA plates were incubated at
37°C.

Reagents. Methyl o-D-mannoside (1) was purchased from
Fluka, p-nitrophenyl o-D-mannoside (2) from Senn chemicals,
methylumbelliferyl o-D-mannoside (3) and n-butyl o-D-mannoside
(4) were prepared according to the literature.” F-shaped 96-well
microtiter plates from Sarstedt. Mannan from Saccharomyces
cerevisiae was purchased from Sigma and was used in 50 mM
aq. Na,CO, (1 mg ml~!, pH 9.6). The peroxidase-conjugated goat
anti-rabbit antibody (IgG, H + L) was purchased from Dianova.
Skimmed milk was from Ulzena, Tween 20 from Roth, ABTS[2,2'-
azidobis-(3-ethylbenzothiazoline-6-sulfonic acid)] from Fluka and
thimerosal (2-(ethylmercuriothio) benzoic acid sodium salt) was

from Merck. A recombinant type 1 fimbriated E. coli strain, E. coli
HB101 (pPKI14),?® was used and cultured as described earlier.”

Buffers. PBS (phosphate-buffered saline) was prepared by
dissolving 8 g NaCl, 0.2 g KCI, 1.44 g Na,HPO,-2H,0 and 0.2 g
KH,PO, in 1000 ml of bidest. water (pH 7.2). PBSE was PBS
buffer + 100 mg 1-! thimerosal, PBSET was PBSE buffer + 200 ul
17! Tween 20. Substrate buffer was 0.1 M sodium citrate dihydrate,
adjusted to pH 4.5 with citric acid. For preparation of the ABTS
solution, ABTS (1 mg) was dissolved in substrate buffer (1 ml)
and 0.1% H,O, (25 pl per ml) was added.

Docking

For investigation of the binding mode of various FimH ligands,
high resolution crystal structures of FimH as available in the
PDB database (FimH-FimC complex with CHEGA: 1QUN,*
FimH-FimC complex with mannose: 1KLF,*! FimH with n-butyl
a-D-mannoside: 1TUWF??) were used. Docking was accomplished
applying the automated flexible docking tool FlexX 1.10.0%
along with Sybyl6.8* as interface. The receptor was defined as
a sphere with a diameter of 10 A around the mannose-binding
pocket (specifying the carboxyl carbon atom of ASP54 as the
centre), to assure that all possible interactions are considered.
The CRD was described by the following amino acids: PHE1
ALA2 ILE13 GLY14 HIS45 ASN46 ASP47 TYR48 PRO49
GLUS0 THRS1 ILE52 ASP54 TYR55 ARG98 GLN133 THR134
ASN135 ASN136 TYR137 ASN138 SER139 ASP140 ASP141
PHE142 PHE144.

The crystal structures were used without further modification
(no minimization and side chain relaxation). Docking was per-
formed applying the FlexX standard parameters considering 30
docked solutions for scoring, unless otherwise stated. Formal
charges were used for the docking routine. To produce a more
robust evaluation of ligand-receptor interactions, a consensus of
scoring functions was calculated.?* The following scoring func-
tions available to the CScore module in Sybyl6.8 were considered:
FlexX original score, ChemScore,** DockScore,* GoldScore,*
PMFScore.” The obtained solutions were relaxed and scored
using the above mentioned scoring functions. The FlexX original
scoring function was not available for re-scoring. Relaxation was
performed using the Tripos FF and standard parameters available
in Sybyl6.8. Rmsd values for the sugar moieties were calculated
comparing the positions of the atoms of the mannose ring (except
hydrogen) of a particular binding mode with the positions of
the respective mannose ring taken from the experimental crystal
structure using an spl-script.

Visualization of results. The protein is presented as Connolly
surface representation® (solvent accessible surface) and colored
according to its lipophilic potential.** Brown colors represent
lipophilic areas, hydrophilic parts are shown in blue colors.
Molecules are presented as ball and stick models (carbon = white,
oxygen = red, nitrogen = blue, hydrogen = cyan, chlorine = green).

ELISA

To determine the potencies of the various mannoside derivatives
tested as inhibitors of type 1 fimbriae-mediated adhesion of E. coli,
an ELISA was used as published earlier.”® Polystyrene microtiter
plates were coated with mannan solution (100 pl per well) and
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dried overnight at 37 °C. The plates were blocked once with 5%
skimmed milk in PBSE for 30 min at 37 °C. The wells were washed
with PBSE (150 ul) and then PBSE (50 pul) and inhibitor solutions
(50 pl) were added. Inhibitor solutions were diluted serially two-
fold in PBSE. Bacterial suspension (50 ul per well) was added and
the plate was left at 37 °C for 1 h to allow sedimentation of the
bacteria. Then each well was washed four times with PBSE (150 pul)
and 50 pl of the first antibody (anti-fimA antibody, solution as
optimized prior to the experiments) in 2% skimmed milk was
added. The plates were incubated for 30 min and then washed
twice with PBSET and the second antibody was added (50 pl). The
plates were incubated for 30 min and then washed three times with
PBSET and once with PBSE and substrate buffer. ABTS solution
(50 ul) was added, incubated for 60 min at 37 °C. For ELISA
controls, bacterial adhesion to blocked, uncoated microtiter plates
was checked, and the reaction of the employed antibodies with
yeast mannan was tested and found to be negligible. The low
background was substracted when calculating the ICs, values. The
percentage inhibition was calculated as OD(nl) — OD(I) x 100 x
[OD(nI)]™" (nI: no inhibitor, I: with inhibitor).

ICy, values are average values from at least three independent
assays and are listed together with their standard deviations.
Relative inhibitory potencies (RIPs) are based on the ICs, value of
methyl a-D-mannopyranoside (MeMan), with RIP (MeMan) = 1.

P-IN-(2-Ethoxy-3,4-dioxocyclobut-1-enyl)amino]phenyl a-D-
mannopyranoside 9. Mannoside 7% (800 mg, 2.95 mmol) was
dissolved in MeOH (10 ml), diethyl squarate (500 ul, 3.38 mmol)
was added and the reaction mixture was stirred at rt for 1 d.
Then, the solvent was removed in vacuo and the residue was
purified by two subsequent chromatographic steps, first by
flash chromatography on silica gel (MeOH-ethyl acetate, 1 : 1)
followed by chromatography on RP-18 (MeOH-H,O, 1 : 1) to
furnish the title mannoside as white lyophilisate. Yield: 1.12 g
(2.84 mmol, 63%); [a]y +82.3 (¢ 1.0, DMSO). Jy (500 MHz,
D¢-DMSO, D,0-exchange) 7.27 (2H, bs, aryl-H), 7.07 (2H, d,
3J =9.0, aryl-H), 5.31 (1H, d, *J,, = 1.9, H-1),4.73 (2H, q, *J =
7.1, OCH,CHj;), 3.80 (1H, dd, *J,; = 3.4, H-2), 3.65 (1H, dd,
334 = 9.0, H-3), 3.58 (1H, dd, *J = 1.7, *J e = 11.7, H-6a),
3.57-3.41 (3H, m, H-5, H-6b, H-4), 1.39 (3H, t, OCH,CH) ppm;
dc (50.32 MHz, 313 K, D,-DMSO) 187.96, 183.26 (C=O0 squaric
acid), 177.73, 169.32 (C=C squaric acid), 153.22 (man-0-C,),
132.28 (p-C,y1), 121.05 (2 x m-C,y), 117.39 (2 x 0-C,y1), 99.31
(C-1), 74.82 (C-5), 70.67 (C-3), 70.01 (C-2), 69.30 (CH,), 66.83
(C-4), 61.10 (C-6), 15.51 (CH;) ppm; MS (MALDI-TOF): m/z:
418.5 [M + Na]* (caled. 418.1) for CxH; NO, (MW 395.12),
HRMS (ESI), found: 418.1109 [M + Na]*, C3H, NO, requires
418.1107 [M + Na]*.

0-Chloro-p-| N-(2-ethoxy-3,4-dioxocyclobut-1-enyl)amino]phenyl
o-D-mannopyranoside 10. Mannoside 8 (290 mg, 0.86 mmol)
was dissolved in MeOH (10 ml) and stirred for 1 h with Pd/C-
catalyst (100 mg) under a hydrogen atmosphere (1 bar) at rt. The
suspension was filtered and diethyl squarate (300 pl, 2.03 mmol)
was added. The reaction mixture was stirred overnight at rt, then
the solvent was removed in vacuo and the residue was purified
by MPLC on RP-18 (MeOH-H,O, 1 : 3) to obtain the title
compound as a white lyophilisate. Yield: 200 mg (0.47 mmol,
55%); [a]y +50.0 (¢ 0.15 in DMSO); dy (500 MHz, D;-DMSO)
7.49 (1H, bs, aryl-H), 7.33 (1H, d, *J,, = 9.0, aryl-H), 7.24 (1H,

d, aryl-H), 5.39 (1H, d, 3J,, = 1.7, H-1), 4.76 (2H, q, *J = 7.0,
OCH,CH;) 3.88 (1H, dd, *J,; = 3.2, H-2), 3.71 (1H, dd, *J5, =
9.1, H-3), 3.40-3.63 (4H, m, H-5, H-6a, H-6b, H-4), 1.41 (3H,
t, OCH,CH;) ppm; ¢ (50.32 MHz, 313 K, D,-DMSO) 186.60,
183.41 (C=O0 squaric acid, very small peaks), 178.20, 169.31
(C=C squaric acid), 148.13 (man-O-C,), 133.53 (p-C,.,1), 122.93
(m-C,y), 121.16 (m-C,y), 119.45 (0-C,,-Cl), 118.27 (0-C,y),
99.85 (C-1), 75.21 (C-5), 70.58 (C-3), 69.90 (C-2), 69.39 (CH,),
66.63 (C-4), 61.01 (C-6), 15.47 (CH;) ppm; MALDI-ToF MS:
m/z = 452.0 [M + Na]* (calcd. 452.1) for C;3H,CINOy (M =
429.08), HRMS (ESI), found: 452.0799 [M + Na]*.

P-IN-(4-Triglycyl-2,3-dioxocyclobut-1-enyl)amino]|phenyl  a-D-
mannopyranoside 11. The squaric acid monoester 9 (100 mg,
0.25 mmol) and triglycine (50 mg, 0.26 mmol) were dissolved in
MeOH (10 ml) and DIPEA (100 pl) was added. The reaction
mixture was stirred overnight at rt and subsequently acidified
with Amberlite IR-120 ion exchange resin. The solvent was
removed in vacuo and the residue purified by MPLC on RP-18
(MeOH-H,O, 1 : 3) to furnish the title compound as a white
lyophilisate. Yield: 55 mg (0.10 mmol, 41%); [a]® +66.7 (¢ 0.15
in DMSO); dy (500 MHz, D,-DMSO, D,0-exchange) 7.36 (2H,
d, 3J = 9.0, aryl-H), 7.08 (2H, d, aryl-H), 5.29 (1H, d, *J,, =
1.8, H-1), 4.37 (2H, d, °J = 4.9, NH-CH,COOH), 3.73-3.83
(5H, m, H-2, 2 x NH-CH,-CONH), 3.67 (1H, dd, *J,; = 3.3,
*J,4 = 8.8, H-3), 3.62 (1H, dd, *Js¢ = 1.7, *Jeeo = 11.3 Hz,
H-6a), 3.41-3.50 (3H, m, H-4, H-5, H-6b) ppm; . (125.76 MHz,
D¢-DMSO) 183.56, 180.67 (C=O squaric acid), 171.07, 171.02,
168.95 (C=0), 163.84 (2 x C=C squaric acid), 152.28 (i-C,.,),
133.54 (p-C,y), 119.35 (2 x 0-Cpry), 117.93 (2 x m-C,y), 99.45
(C-1),74.92, 70.68, 70.12, 66.76 (C-2, C-3, C-4, C-5), 61.09 (C-6),
45.93,41.84, 40.56, 3 x Gly-CH,) ppm; MALDI-ToF MS: m/z =
561.4 [M + Na]* (caled. 561.1) for C,H,xN,O;, (M = 538.15),
HRMS (ESI), found: 561.1424 [M + Na]*, C,,HxN,O,, requires
561.1439 [M + Na]*.

P-INV-(4-Tetraglycyl-2,3-dioxocyclobut-1-enyl)amino]phenyl a-D-
mannopyranoside 12. The squaric acid monoester 9 (150 mg,
0.38 mmol) and tetraglycine (50 mg, 0.36 mmol) were dissolved in
a 1 : 1 mixture of MeOH and H,O (10 ml) and DIPEA (100 pl)
was added. The reaction mixture was stirred overnight at rt and
subsequently acidified with Amberlite IR-120 ion exchange resin.
The solvent was removed in vacuo and the residue purified by
MPLC on RP-18 (MeOH-H,O, 1: 3) to furnish the title compound
as a white lyophilisate. Yield: 104 mg (0.23 mmol, 49%); [a]¥ +71.6
(¢ 0.25 in DMSO); 6 (600 MHz, D¢-DMSO, D,0O-exchange) 7.35
(2H, d,*J = 8.9, aryl-H), 7.07 (2H, d, aryl-H), 5.29 (1H, m, *J,, =
1.5, H-1), 4.37 (2H, s NCH,COOH), 3.72-3.83 (7TH, m, H-2, 3 x
NH-CH,-CONH), 3.66 (1H, dd, *J,5; =3.4,°J;,=9.1, H-3), 3.59
(1H, dd, *Js¢ = 1.5, *Jgaep = 11.5, H-6a), 3.39-3.50 (3H, m, H-
4, H-5, H-6b) ppm; d¢ (150.92 MHz, D,-DMSO) 183.59, 180.77
(C=0 squaric acid), 171.22, 169.19, 168.98, 168.61 (4 x C=0),
163.86 (2 x C=C squaric acid), 152.33 (i-C,,1), 133.59 (p-C,.y1),
119.41 (2 x 0-C,.y1), 117.98 (2 x m-C,;), 99.46 (C-1), 74.99, 70.71,
70.17, 66.76 (C-2, C-3, C-4, C-5), 61.10 (C-6), 46.00, 42.11, 41.75,
40.61, 4 x Gly-CH,) ppm; MALDI-ToF MS: m/z = 617.8 [M +
Na]* (calcd. 618.2) for C,,H,,N;O; (M = 595.2), HRMS (ESI),
found: 618.1684 [M + Na]*, C,,H,N;O; requires 618.1654 [M +
Na]*.
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P-IN-(4-Pentaglycyl-2,3-dioxocyclobut-1-enyl)amino]phenyl a-
p-mannopyranoside 13. The squaric acid monoester 9 (100 mg,
0.25 mmol) and pentaglycine (74 mg, 0.24 mmol) were dissolved
in a 1 : 2 mixture of MeOH and H,O (10 ml). DIPEA (100 pl)
was added. The reaction mixture was stirred overnight at rt and
subsequently acidified with Amberlite IR-120 ion exchange resin.
The solvent was removed in vacuo and the residue purified by
MPLCon RP-18 (MeOH-H,O0, 1: 3) to furnish the title compound
as a white lyophilisate. Yield: 78 mg (0.12 mmol, 50%); [a]¥ +73.3
(¢ 0.25 in DMSO); 64 (600 MHz, D,-DMSO, D,0-exchange) 7.35
(2H, d, *Jy.. = 8.9, aryl-H), 7.07 (2H, d, aryl-H), 5.28 (1H, m,
3J,,=1.6,H-1),4.36 (2H, s NCH,COOH), 3.72-3.82 (9H, m, H-
2,4 x NH-CH,-CONH), 3.65(1H,dd,*/,;=3.4,*J;,=9.1,H-3),
3.59 (1H, dd, *Js4, = 1.6, *J .6, = 11.5, H-6a), 3.39-3.52 (3H, m,
H-4,H-5, H-6b) ppm; d (150.92 MHz, D;-DMSO) 183.60, 180.77
(C=0 squaric acid), 171.21, 169.19, 169.11, 169.08, 168.63 (5 x
C=0), 163.86 (2 x C=C squaric acid), 152.33 (i-C,y), 133.58 (p-
Cam), 119.39 (2 x 0-C,y), 117.97 (2 x m-C,y), 99.45 (C-1), 74.98,
70.69, 70.16, 66.75 (C-2, C-3, C-4, C-5), 61.10 (C-6), 45.99, 42.33,
42.03,41.75, 40.61, 5 x Gly-CH,) ppm; MALDI-ToF MS: m/z =
674.6 [M + Na]* (calcd. 675.2) for C,xH;NqOy (M = 652.2),
HRMS (ESI), found: 675.1860 [M + Na]*, C,,H,N,O,, requires
675.1869 [M + Na]*.

P-IN-(4-L-Methyltyrosyl-2,3-dioxocyclobut-1-enyl)amino]|phenyl
o-D-mannopyranoside 14. The squaric acid monoester 9 (20 mg,
50 pwmol) and L-tyrosine methylester (10 mg, 51 pmol) were
dissolved in a 4 : 1 mixture of MeOH and H,O (1 ml). DIPEA
(10 pl) was added and the reaction mixture was stirred at rt
overnight. Then, the solvent was removed in vacuo and the residue
purifed by MPLC on RP-18 (MeOH-H,O, 1 : 4) to give the
title compound as a white lyophilisate. Yield: 17 mg (31 umol,
62%); [aly +41.5 (c 0.20 in DMSO); dy (500 MHz, Ds-DMSO)
7.32 (2H, d, *J = 8.7, aryl-H), 7.06 (2H, d, aryl-H), 6.96 (2H,
d, ’J = 8.5, aryl-H, Tyr), 6.67 (2H, d, aryl-H, Tyr), 5.29 (1H, d,
3, = 1.7, H-1), 5.02 (1H, m, CHCH,), 3.82 (1H, dd, *J,; =
3.3, H-2), 3.71 (3H, s, COOCH;), 3.67 (1H, dd, *J;, = 9.0,
H-3), 3.62 (1H, dd, *Jss = 1.6, *Js 6 = 11.4, H-62), 3.39-3.51
(3H, m, H-4, H-5, H-6b), 3.08 (1H, m, CHCH,), 2.99 (1H,
m, CHCH,) ppm; dc (125.76 MHz, D,-DMSO) 183.08, 181.23
(C=0 squaric acid), 171.29 (C=0), 168.04, 164.09, (C=C squaric
acid), 156.34 (C,,-OH), 152.36 (Man-0-C,,), 133.40 (p-C,.ymy.),
130.39 (p-Capar, 125.76 (m-C,ymy), 119.51 (m-Cypppp), 117.91
(0-Ciryityr)> 115.26 (0-Capar), 99.44 (C-1), 74.97 (C-5), 70.68 (C-3),
70.15 (C-2), 66.73 (C-4), 61.08 (C-6), 57.39 (CH), 52.46 (CH,),
38.49 (CH,) ppm; MALDI-ToF MS: m/z = 567.4 [M + Na]*
(caled. 567.2) for C,sHxN,O,, (M = 544.2), HRMS (ESI), found:
567.1597 [M + NaJ*, C;sHxN,O,, requires 567.1585 [M + Na]*.
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Triplex-forming oligonucleotides (TFOs) containing 2'-deoxyisoguanosine (1), 7-bromo-7-deaza-
2'-deoxyisoguanosine (2) as well as the propynylated 9-deazaguanine N’-(2'-deoxyribonucleoside) 3b
were prepared. For this the phosphoramidites 9a, b of the nucleoside 1 and, the phosphoramidites 19,
20 of compound 3b were synthesized. They were employed in solid-phase oligonucleotide synthesis to
yield the protected 31-mer oligonucleotides. The deblocking of the allyl-protected oligonucleotides
containing 1 was carried out by Pd(0)[PPh;],—PPh; followed by 25% aq. NH;. Formation of the 31-mer
single-stranded intramolecular triplexes was studied by UV-melting curve analysis. In the single-
stranded 31-mer oligonucleotides the protonated dC in the dCH*-dG-dC base triad was replaced by
2'-deoxyisoguanosine (1), 7-bromo-7-deaza-2'-deoxyisoguanosine (2) and, 9-deaza-9-propynylguanine
N’-(2'-deoxyribonucleoside) (3b). The replacement of protonated dC by compounds 1 and 3b resulted
in intramolecular triplexes which are formed pH-independently and are stable under neutral conditions.
These triplexes contain “purine” nucleosides in the third pyrimidine rich strand of the oligonucleotide

hairpin.

Introduction

Sequence-specific binding of triplex-forming oligonucleotides
(TFOs) with duplex DNA can selectively block gene expression
(“antigene strategy”).'”* Therefore, TFOs are gaining interest for
therapeutic applications.* In the case of the pyrimidine—purine—
pyrimidine motif, triplex formation takes place by the binding
of a third pyrimidine strand in the major groove of duplex
DNA in a parallel orientation with respect to the purine strand.
The recognition of the third strand occurs by the formation of
Hoogsteen pairing between dT with the dA-dT pair (dT-dA-dT
base triad) and/or of protonated dC with the dG—dC pair (dCH*—
dG-dC base triad)."* In the latter the necessary protonation
of cytosine limits the use of this method performed at neutral
conditions.

A number of modified nucleosides have been synthesized and
incorporated into the TFO’s to improve the stability of triplexes
under physiological conditions. The replacement of cytosine by
S5-methylcytosine increases the stability of triplexes but does not
alleviate the pH dependence.™® As the pK,-value of 5-methyl-
2'-deoxycytidine (pK, = 4.5) is similar to that of dC (pK =
4.3) this change cannot affect the protonation significantly.
It was already discussed that the higher stability is caused
by additional stacking interaction of the hydrophobic methyl
group.*® Oligonucleotides containing base modified nucleosides
have been intensively investigated for the same purpose.***2 A

“Laboratorium fiir Organische und Bioorganische Chemie, Institut fiir
Chemie, Universitdt Osnabriick, Barbarastraffe 7, 49069 Osnabriick,
Germany. E-mail:  Frank.Seela@uni-osnabrueck.de; Fax: +49-541-
9692370, Tel: +49-541-9692791

*Laboratory of Bioorganic Chemistry and Chemical Biology, Center for
Nanotechnology, Heisenbergstrafie 11, 48149, Miinster, Germany E-mail:
Seela@uni-muenster.de; Fax: +49-251-53406857, Tel: +49-1737250297

number of N’-glycosylated purine nucleosides (purine numbering
is used throughout the results and discussion section), acyclic
derivatives or peptide nucleic acid-analogues (PNA) have been also
studied.’®¢ Recently, we have reported on the synthesis and triplex
formation properties of the N’-glycosylated 9-deazaguanine 2'-
deoxyribonucleoside 3a'” which represents a glycosylic bond stable
analogue of the N’-glycosylated guanine nucleoside 4.*'® Tt was
shown that nucleoside 3a and its 9-halogenated derivatives form
stable DNA triplexes when three individual strands are hybridized
under neutral conditions.”

2'-Deoxyisoguanosine (1) and 7-bromo-7-deaza-2'-deoxyiso-
guanosine (2) contain the same recognition pattern as the pro-
tonated 2'-deoxycytidine or the N’-gylcosylated 9-deazapurine
nucleoside 3a (Scheme 1). Compounds 1 and 2 have been used
as inducer of parallel-stranded (ps) DNA.*?' In antiparallel-
stranded (aps) DNA, compounds 1 and 2 form a stable Watson—
Crick base pair with 2’-deoxy-5-methylisocytidine (iC,), which can
be incorporated in duplex DNA by polymerases.?** 7-Bromo sub-
stituted 7-deaza-2'-deoxyisoguanosine (2) exists almost entirely in
the keto form in aqueous solution?! causing a better mismatch
discrimination than compound 1 which presents partially the
enol form.»?* Also, 2'-deoxyisoguanosine (1) is known for the
formation of DNA quartets and pentameric assemblies.”

This manuscript reports on the hairpin triplexes incorporating
2'-deoxyisoguanosine (1) or the halogenated 7-deazapurine deriva-
tive 2 as well as the N’-glycosylated 9-deazapurine nucleoside
3b. According to the presence of a H-atom at the nitrogen-3 it
is expected that in all three cases triplexes are already formed
under neutral conditions. This is the first report on isoguanine
nucleosides (1 or 2) to act as the parallel triplex inducers. It was
also anticipated that a propynyl group, as in 3b, could have the
same favorable effect on the triplex stability as it has been reported
for the duplex formation.?®
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Scheme 1  Structures of 2'-deoxyribonucleosides incorporated into the hairpin triplex.

Results and discussion

Monomers

1. Synthesis of the O-allyl-protected 2’-deoxyisoguanosine
phosphoramidites 9a, b. The 2-oxo-function of 2'-deoxy-
isoguanosine (1) is more reactive as compared to the 6-oxo-group
of 2'-deoxyguanosine.” Earlier, the diphenylcarbamoyl (DPC)
residue was used for the protection of the 2-oxo-functionality
of 1** while the N,N-dimethylacetamidine residue was used for
the protection of the 6-amino group. As an alternative the allyl
residue is now chosen to protect the oxo-function. The allyl residue
was selected as it was used to protect the 2-oxo group of 2'-
deoxyguanosine,” 2'-deoxyxanthosine® and the 4-oxo-function of
2’-deoxythymidine?” as well as for the protection of hexopyranosyl
nucleosides.” As this group is sensitive to palladium(0) complexes
in the presence of nucleophiles and also stable in ammonia, it
represents an orthogonal protecting group among the common
0X0 protecting groups.

For the 6-amino group protection of compound 1 the isobutyryl,
benzoyl and N,N-di-n-butylformamidine residues were selected
and were compared regarding their applicability in solid-phase
synthesis. For that purpose, 2-chloro-2'-deoxyadenosine (5) was
chosen as a starting material. Treatment of the nucleoside 5 with

1 M NaOCH,CH=CH, in HOCH,CH=CH, furnished the 2-
allyloxy derivative 6 (79% yield). This compound was used for the
evaluation of various amino-protected compounds (7a—d). At first
the isobutyryl residue was used for the 6-amino protection using
the protocol of transient protection.* Isobutyryl chloride in the
presence of trimethylsilyl chloride furnished 7a. The benzoylated
derivative 7b was prepared from 6 under the same conditions using
benzoyl chloride. In this reaction the bis-benzoylated compound
7c was isolated as a side product. Treatment of compound 6
with N,N-di-n-butylformamide dimethylacetal in MeOH afforded
compound 7d (see Scheme 2).

Next the stabilities of the 6-amino protecting groups of 7a, 7b
and 7d were determined in 25% aq. NH; solution at 40 °C. The
reaction was followed UV-spectrophotometrically. The half-life
values of 7a (¢, = 3 min), 7b (¢,,, = 46 min) and 7d (¢,, = 10.5
min) indicate that the isobutyryl group is too labile for further
manipulations. Thus, only compounds 7b, d were converted
into the 5-O-dimethoxytrityl-derivatives 8a, b under standard
conditions. Treatment of 8a, b with 2-cyanoethyl diispropy-
Iphosphoramidochloridite afforded the phosphoramidites 9a, b
respectively. All synthetic intermediates were characterized by 'H,
BC and *P-NMR spectra as well as by elemental analyses (see
Table 1 and Experimental section).

Table 1 "“C-NMR chemical shifts [ppm] of 2'-deoxyisoguanosines and 9-deaza-9-propynylguanine N’-(2'-deoxyribonucleosides) measured in [d,]DMSO
at23°C
C(2)~* C(6)~1 C(5)" C(8) C©)" C4)

Compound C(2) C(4) C(4a)® C(6) C(7)° C(7a)’ C(1") C(2) c@3) Cé) C(5)
6° 157.1 155.9 117.5 139.1 — 150.2 82.7 ¢ 70.5 85.4 64.0
Ta° 160.3 154.5 117.5 141.1 — 150.8 83.7 ¢ 70.7 87.9 61.7
7b¢ 160.2 153.7 121.7 141.8 — 151.5 83.6 38.6 70.8 87.9 61.7
Tee 159.9 154.4 123.0 144.3 — 151.6 83.8 38.6 70.7 88.1 61.7
7d° 161.2 159.0 122.8 140.8 — 153.4 84.2 ¢ 71.7 88.5 62.6
8a° 160.0 153.3 121.6 141.9 — 151.4 83.6 38.4 70.7 85.9 64.3
8b° 161.1 158.7 123.1 141.1 — 153.3 84.2 ¢ 71.6 86.6 65.2
11 153.5 154.0 113.2 131.1 98.4 144.3 — — — — —
14 154.1 154.1 112.5 130.9 99.9 145.7 85.7 ¢ 74.8 87.7 64.2
15 154.7 154.8 113.4 129.8 98.8 146.8 85.5 41.2 70.4 87.3 61.6
16 153.8 153.9 112.1 130.9 99.0 145.3 85.6 41.3 70.4 87.2 61.5
17 153.8 153.9 112.2 130.7 99.2 145.3 85.4 ¢ 70.1 87.2 63.3
18 155.0 157.1 113.2 129.6 99.1 147.0 85.3 ¢ 70.3 86.9 64.0
3b 151.4 154.0 111.1 129.5 99.9 148.5 85.6 41.2 70.4 87.3 61.6

“ Purine numbering. ? Systematic numbering. ¢ Superimposed by [d,]DMSO. “ Tentative. ¢ Only purine numbering is used.
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Scheme 2 Reagents and conditions: (i) 1 M CH,=CHCH,ONa/CH,=CHCH,OH, 60 °C; (ii) i-BuCl, Me;SiCl, pyridine, r.t.; (iii) BzCl, Me;SiCl,
pyridine, r.t.; (iv) N,N-di-n-butylformamide dimethylacetal, MeOH, 40 °C; (v) DMTr-Cl, pyridine, r.t., 4 h; (vi) 2-cyanoethyl-diisopropylphosphoramido

chloridite, (i-Pr),NEt, CH,Cl,, r.t., 30 min.

2. Synthesis of the 9-deaza-9-propynylguanine /N'-(2'-
deoxyribonucleoside) 3b and conversion into the phosphoramidites
19 and 20. For the preparation of the phosphoramidite building
blocks 19 and 20 of the 9-propynyl substituted 9-deazaguanine
N’-(2-deoxyribonucleoside) 3b, the fully protected 9-iodo-9-
deazaguanine (10) (2-{[(dimethylamino)methylidene]amino}-3,5-
dihydro-7-iodo-3-[(pivaloyloxy)methyl]-pyrrolo[3,2-d]pyrimidin-
4-one) was used as starting material.’” Two different routes
employing the palladium-catalyzed Sonogashira cross-coupling
reaction® were used to incorporate the propynyl group into
the nucleoside 3b. (i) In the first route, the fully protected key
intermediate 10 was treated with [(PPh;),Pd(0)]-Cul in the
presence of triethylamine in anhydrous DMF. The solution
was saturated with propyne at room temperature which yielded
compound 11 (91%). Then, the stereoselective nucleobase-anion
glycosylation was employed on compound 11. The reaction was
performed with the protected nucleobase 11, 2-deoxy-3,5-di-O-
(p-totuoyl)-a-D-erythro-pentofuranosyl chloride (12) in MeCN
with powdered KOH-TDA-1 to generate the nucleobase anion.
The fully protected N’-B-D-nucleoside 14 was obtained in a
stereoselective way in 89% yield (see Scheme 3 and Experimental
section). (ii) In the second route the cross-coupling reaction was
performed on the fully protected nucleoside 13.7 A solution of 13
was treated with [(PPh;),Pd(0)]-Cul-triethylamine in anhydrous
DMF and saturated with propyne furnishing 14 in 79% yield.

The deprotection of compound 14 was carried out with
0.1 M NaOMe-MeOH at r.t. for 1 h resulting in the removal

of the p-toluoyl groups of the sugar moiety as well as the
pivaloyloxymethyl group of the nucleobase. The [(N,N-dimethyl-
amino)methylidenelamino protecing group is stable under those
conditions. Compound 15 was isolated in almost quantitative yield
(95%). When the deprotection was performed on 14 with 0.01 M
NaOMe-MeOH at r.t. for 45 min, only the p-toluoyl groups were
removed furnishing fully nucleobase-protected compound 16 in
good yield (59%). Both, the partially base protected nucleoside
15 as well as the fully base protected nucleoside 16, were used
for further manipulations. In order to test the suitability of the
protecting groups, their hydrolysis was studied. The complete
removal of all protecting groups of 15 was accomplished in aq.
NH; (25%) in a sealed vessel at 60 °C for 12 h furnishing the
nucleoside 3b (88%) (see Scheme 3 and Experimental section). To
assure the stability and applicability of the formamidine protecting
group on the oligonucleotide level the half-life of the formamidine
deprotection was determined in 25% aq. NH; at 40 °C UV-
spectrophotometrically. The half-life of compound 15 was 25 min
which is longer than that of the non-functionalized nucleoside 3a
(12 min). According to this, the 9-propynyl substituent increases
the stability of the amino protecting group similar to the 9-halogen
substituents."

As the conformational freedom of the glycosylic bond could
be restricted in compound 3b, 'H-NOE difference spectra were
measured in [d¢]DMSO resulting in the NOE’s on H-C(6) (n =
1.1%) and H,—C(2') (y = 5.4%) when irradiation of H-C(1") was
performed. Thus compound 3b prefers the high-syn-conformation
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Scheme 3 The route for the synthesis of 9-deaza-9-propynylguanine N’-(2'-deoxyribonucleoside) 3b.

at the N-glycosylic bond, which is similar to the 9-halogenated
derivatives.’” According to the calibration graph for the estimation
of the syn and anti conformer populations of B-D-nucleosides,*!
compound 3b gave 55% of an anti-rotamer population. The NOE
on H-C(4) (y = 1.5%) when irradiating H-C(1") also confirms
the B-D-configuration of nucleoside 3b. The conformation of the
sugar moiety of nucleoside 3b was studied on the basis of vicinal
['H,'H] coupling constants, using the program PSEUROT (version
6.3).3>% According to the coupling constants J (1,2) = 6.71, J
1,2)=6.46,J (2,3)=6.57,J (2,3) =4.18,and J (3,4) = 4.00
it is concluded that the 9-propynyl substituent of 3b has a similar
influence on the conformation as the 9-halogeno substituents. The
N < S equilibrium of the sugar conformation of 3b is biased
towards N conformation (63% S) compared to non-functionalized
nucleoside 3a (67% S)."”

Next, the UV-spectrum of compound 3b was measured in 0.1 M
sodium phosphate buffer (pH 7.0). The 9-propynyl substituted
nucleoside 3b shows a bathochromic shift compared to the non-
functionalized nucleoside with three distinct maxima at 235,
277 and 302 nm."” The pK, values for nucleoside 3b were also
determined in the same buffer solution. The pK, values for
nucleoside 3b are 4.0 and 10.1, while compound 3a shows slightly
higher pK, values (4.9 and 10.3)."”

In order to access oligonucleotides, intermediates 15 and 16 were
converted into phosphoramidites. For this, they were treated with
4,4'-dimethoxytrityl chloride in anhydrous pyridine furnishing the
4.4'-dimethoxytrityl derivatives 17 and 18 respectively (Scheme 4).

Subsequent treatment of 17 and 18 with 2-cyanoethyl diisopropy-
Iphosphoramido chloridite yielded the phosphoramidites 19 and
20. All synthetic intermediates described above were characterized
by 'H, *C and *"P-NMR spectra as well as by elemental analyses
(see Table 1 and Experimental section). According to Table 1 the
C-9 signals (purine numbering is used) of all propynyl substituted
synthetic intermediates were shifted upfield compared to the
unsubstituted nucleoside."”

Oligonucleotides

1. Synthesis and characterization. Oligonucleotide synthesis
was carried out on solid phase with an ABI 392-08 synthesizer
at a 1 pmol scale employing phosphoramidite chemistry (Applied
Biosystems, Weiterstadt, Germany) using the phosphoramidites
9a, b of 2’-deoxyisoguanosine (1) and the phosphoramidites 19 and
20 of 9-deaza-9-propynylguanine N’-(2'-deoxyribonucleoside) 3b.
The syntheses of oligonucleotides 21-29 were performed employ-
ing the DMT-on mode. The deallylation of oligomers containing
1 was performed on solid support bound oligonucleotides using
Pd(0)[PPh;], in the presence of PPh;, HCOOH-#n-butylamine
(1 : 1) as scavenger in anhydrous THF?* (for details see Ex-
perimental section). The excess of the reagent was removed
with 5 M aq. N,N-diethyldithiocarbamate (DDTC). The solid
support bound oligonucleotides obtained by the allyl-depotection
were then deprotected in 25% aq. NH; at 60 °C. The DMT-
protected oligomers were purified by reversed-phase HPLC. The
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Scheme 4 Synthesis of the phosphoramidites 19 and 20 of 9-deaza-9-propynylguanine N7-(2'-deoxyribonucleoside) 3b.

DMT-residues were removed with 2.5% dichloroacetic acid in
CH,Cl, followed by RP-18 HPLC purification. The oligonu-
cleotides 21-29 (Table 3) were characterized by MALDI-TOF
mass spectrometry. 2’-Deoxyisoguanosine is sensitive in MALDI-
TOF spectrometry. In the MALDI-TOF spectra of oligonu-
cleotides 22 and 26 containing nucleoside 1, in addition to
the main peak, mass peaks with low intensity corresponding
to depurination were also observed. Therefore, the composition
of the oligonucleotides containing 2’-deoxyisoguanosine (1) was
determined by enzymatic analysis (see Fig. 1 and Experimental
section). Fig. 1la, b shows the HPLC profiles of the digest of
oligomer 26 measured at 260 and 290 nm. This was necessary
as compound 1 has its main absorbance at 292 nm. Oligomers
containing nucleosides 2, 3a and 3b were synthesized under the
same conditions as nucleoside 1 using the corresponding phospho-
ramidites. MALDI-TOF spectra of these oligonucleotides show
correct masses (see Table 2 and Experimental section).

2. pH-independent formation of hairpin triplexes. Up to now,
we have studied triplex formation with systems containing three
separate strands.” Now we are investigating triplex formation
on the hairpin triplex 21 being related to a 31-mer hairpin."
Compared to a triplex formed by three individual oligonucleotides,
such an intramolecular triplex is more stable. The oligonucleotide
21 forms a double hairpin with a triplex core (see Fig. 2). In the
single-stranded oligomer 21 a triplex is formed via the hairpin
duplex between 5'-dG, — dG;-3' and 3'-dC,;, — dC;-5 with five
dT residues in the loop. A third strand 5-dC,; — dC;,-3' folds
back and binds in a parallel orientation to 5-dG, — dG;-3' by

a) b)
A A dT
dc
a7 dc
dGé
146
dA
L‘_—\ \
—] _'J
(RN RN RN RN RAREARANT] POLEPRRR R E R g
w2 2 KR R w2 2 R &
Time [min] Time [min]

Fig. 1 Reversed-phase HPLC profiles of the hydrolysis products of
the oligomer 26 containing 2'-deoxyisoguanosine (1) by snake-venom
phosphodiesterase followed by alkaline phosphatase at 290 nm (a) as well
as at 260 nm (b) (solvent gradient system [A: 0.1 M (Et;NH)OAc (pH 7.0)]
with flow rate 0.7 ml min™").

Hoogsteen pairing with the second loop of another five dT residues
(see Fig. 2).

At first we incorporated the 9-deazaguanine N’-(2-
deoxyribonucleoside) 3a'® which resembles the recognition site
of a protonated 2'-deoxycytidine in position X and in positions
X and Y of the oligonucleotide 21. As the propynyl group is a
standard residue to stabilize DNA-duplexes? we reasoned that
these favorable properties can also be seen on triplexes. The results
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Table 2 Molecular masses (MH") of the oligonucleotides measured by MALDI-TOF mass spectrometry

Oligonucleotides MH* (calc.) MH?* (found)

5-d[GAA GAG GTT TTT CCT CTT CTT TTT CTT3aTC C] (24) 9411 9412

5-d[GAA GAG GTT TTT CCT CTT CTT TTT CTT3aT3aC] (28) 9450 9450

5-d[GAA GAG GTT TTT CCT CTT CTT TTT CTT3bTC C] (25) 9451 9453

5-d[GAA GAG GTT TTT CCT CTT CTT TTT CTT3bT3bC(] (29) 9526 9528

5-d[GAA GAG GTT TTT CCT CTT CTT TTT CTT2TC C] (23) 9489 9489

5-d[GAA GAG GTT TTT CCT CTT CTT TTT CTT2T2C] (27) 9608 9608
/T’T\ 1 yal \T absence of the protonation at the remaining dC,s, dC;, (=Y) and
T F"C_’T_'C_'T_'T_'Cf \ dC;, residues. They cannot form Hoogsteen pairs which provide
\T\T LG~ G~—A~G~A~A~G¥ T the necessary stability for triplex formation (see Fig. 2 and Table 3).
3-C+Y=TX~T=T~C_ The replacement of both—X (dCy) and Y (dC;,)—residues
% % e T by the non-functionalized nucleoside 3a (hairpin 28) increases

Fig.2 31-Mer triplex-forming hairpin 21 containing dCH*—~dG-dC base
triads (X, Y = dC); symbols in the figure represent 2’-deoxyribonucleosides.

of this investigation are outlined in Table 3. The unmodified
intramolecular triplex-forming oligonucleotide hairpin 21 shows
two thermal transitions. The lower T,, (39 °C) results from
the melting of the 3'-terminus formed by Hoogsteen pairing
(triplex melting) and the higher one (7', = 65 °C) represents the
dissociation of the Watson—Crick pairs (duplex melting) (Table 3)
(motif T). According to Table 3, the replacement of X by N’-
glycosylated 9-deazaguanine 2'-deoxyribonucleoside (3a) (hairpin
24) in the triplex forming hairpin 21 does not change the triplex
stability (7", = 39 °C) and the duplex melting remains the same at
pH 6.5 (65 °C). The replacement of X by the N’-glycosylated 9-
deaza-9-propynylguanine 2'-deoxyribonucleoside 3b (hairpin 25)
enhances the stability of the triplex extraordinarily by 6 °C for
one incorporation (7, = 45 °C) at pH 6.5 with duplex melting
remaining at 65 °C (Table 3). At pH 8.0 oligonucleotides 24 and
25 with a single incorporation of 3a and 3b respectively as well as
the unmodified oligonucleotide 21 do not form triplexes and only
duplex melting was observed (65 °C). The reason for this is the

Table 3 T, Values of the single-stranded hairpin triplexes containing
2'-deoxyisoguanosine (1), 7-bromo-7-deaza-2'-deoxyisoguanosine (2) and,
9-deazaguanine N’-(2'-deoxyribonucleosides) (3a, b)**

T T VAN

- C+-C—~T-C—~T—~T—~C ™
AN GG A~G ~ AA~G-5
T\T/G G<—A<G<-—A<A<GS5 T
YT ‘_3§'_T'_T'_2?\T T

Oligonucleotide X Y T./°CpH 6.5 T,./°CpH8
21 dC dcC 39/65 —</65
22 1 dC 44/65 —</66
23 2 dC 43/64 —/65
24 3a dcC 39/65 —</65
25 3b dC 45/65 —/65
26 1 1 48/65 44/65
27 2 2 46/65 —</65
28 3a 3a 44/65 39/65
29 3b 3b 48/65 42/65

“ Measured at 260 nm in 10.5 mM HEPES [N-(2-hydroxyethyl)piperazine-
N’-3-(ethansulfonic acid)] with 50 mM NaCl, 10 mM MgCl, and 0.5 mM
spermine. * The concentration of single strand was 2 uM at 260 nm. ¢ Not
detected.

the stability of the triplex to 44 °C at pH 6.5. The introduc-
tion of the 9-propynyl derivative 3b in the place of X and Y
(hairpin 29) further enhances the triplex stability to 48 °C. The
hairpin oligonucleotides 28 and 29 with two incorporations of
3a and 3b respectively now form stable triplexes at pH 8.0. At
pH 8.0 for hairpin 28 containing two 3a residues, a 7', value of
39 °C is observed and the hairpin 29 with two N’-glycosylated
9-propynyl-9-deazaguanine 2'-deoxyribonucleoside (3b) residues
leads to a stepwise enhancement of the triplex stability (7, value
42 °C) without affecting duplex melting (7, = 65 °C). Thus,
the 9-propynyl group of the N’-glycosylated 9-deazaguanine 2'-
deoxyribonucleoside (3b) is well accommodated into the triplex
structure. The stabilizing effect corresponds to the stabilization
of S-propynylated pyrimidine nucleosides or 7-substituted 7-
deazapurine nucleosides in DNA duplexes.**?

Comparatively to the protonated 2'-deoxycytidine (data see
Table 3) the phosphodiester backbone should be distorted when
9-deazaguanine replaces cytosine. This results from the glycosy-
lation position of the “purine” bases of 3a or 3b in which the
glycosylation site is more distant from the recognition site than
in the pyrimidine nucleoside dC. Nevertheless, even in sequence
motifs formed by alternating purine and pyrimidine bases triplex
formation is stabilized. From that it is concluded that other
compounds containing a purine base in the third strand of a
pyrimidine rich oligonucleotide can also show such favorable
properties.

2'-Deoxyisoguanosine (1) shows the same donor acceptor
pattern as the protonated 2'-deoxycytidine. Thus, we became inter-
ested to study the triplex forming capability of the nucleoside 1; its
congener 7-bromo-7-deaza-2'-deoxyisoguanosine (2) was included
in this study as we want to see the effect of the 7-substituents
on the dCH*-dG-dC base triad. According to Table 3, in the
triplex forming hairpin 21 the replacement of X (dCy) by 2-
deoxyisoguanosine (1) (hairpin 22) increases the stability of the
triplex and shows a T, value of 44 °C while the duplex melting
remains the same at pH 6.5 (65 °C). The replacement of X
(dCx) by 7-bromo-7-deaza-2'-deoxyisoguanosine (2) (hairpin 23)
stabilizes the triplex to the same level with a T, value of 43 °C
at pH 6.5 (Table 3). The stabilization of triplexes caused by the
incorporation of 1 and 2 is higher than that of the triplexes formed
by N’-glycosylated 9-deazaguanine 2'-deoxyribonucleoside 3a but
similar to its 9-propynyl substituted derivative 3b. At pH 8.0 the
oligonucleotides 22 and 23 with one modified residue of 1 and 2
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respectively again do not form triplexes and only duplex melting
was observed (65 °C). The typical triplex melting curves and their
derivatives are shown in Fig. 3. In hairpin 21 the replacement of
both X and Y by 2'-deoxyisoguanosines (1) (hairpin 26) increases
the stability of the triplex to 48 °C at pH 6.5 while the replacement
of 7-bromo-7-deaza-2'-deoxyisoguanosine (2) (hairpin 27) slightly
decreases the stability of the triplex (T, = 46 °C). The hairpin
oligonucleotide 26 with two incorporations of 1 now form stable
triplexes at pH 8.0. At pH 8.0 the hairpin 26 containing two 1-
residues shows a 7', value of 44 °C, while in the case of the hairpin
27 containing two compound 2-residues, no triplex formation
was observed. This might be due to the effect of the 7-bromo
substituent which increases the acidic character of the 6-amino
group. This effect of the increase in acidic character might be
more when compound 2 is a part of a polymeric chain which can
force the deprotonation of the 6-amino proton and hence it may
prevent the base pair formation under alkaline conditions. Thus,
2'-deoxyisoguanosine (1) mimics the protonated dC in dCH*—dG—
dC base triads and thereby forming triplexes pH independently
while 7-bromo-7-deaza-2'-deoxyisoguanosine (2) forms triplexes
only under slightly acidic conditions. We suggest the base pair
motif IT and III for 1/2-dG—dC base triads which are relatively
similar to the base pair motif suggested for nucleoside 3b (motif
IV).” Base pair motifs II, IIT and IV resemble the dCH*-dG-dC
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Fig.3 UV-melting curves and their first derivatives of triplexes: (I) hairpin
22 containing nucleoside 1 and, (II) hairpin 27 containing compound 2.
Melting temperatures were measured in 10.5 mM HEPES, 50 mM NacCl,
10 mM MgCl, and 0.5 mM spermine (pH 6.5) with 2 uM concentration
of hairpin oligonucleotides at 260 nm.

base triad (see Fig. 4). The enhancement of triplex stability might
be due to the increased surface area of the purine moiety which
can increase stacking interactions within the triplex even though
in a distorted triplex structure.

Conclusion and outlook

2'-Deoxyisoguanosine (1) which mimics the recognition site of
protonated dC is a very strong inducer of triplex formation.
It forms triplexes without protonation already under neutral
conditions and avoids charge repulsion in the third strand. Similar
but slightly altered properties are observed for the brominated 7-
deaza-2'-deoxyisoguanosine 2 as a constituent of a triplex forming
oligonucleotide. The same favourable properties were found
when 9-deazapurine N'-(2'-deoxyribonucleoside) 3b bearing a 9-
propynyl group is incorporated in the third strand of triplex
DNA. Both deazapurine compounds allow the incorporation of
reporter groups in the third strand in a sterically non-demanding
position. It should be noted that the modification described
above represents the incorporation of a “purine” nucleoside in
the pyrimidine rich strand of an oligonucleotide triplex.

Experimental
General

All chemicals were purchased from Aldrich, Sigma, or Fluka
(Sigma-Aldrich Chemie GmbH, Deisenhofen, Germany). Sol-
vents were of laboratory grade. Thin layer chromatography
(TLC): aluminium sheets, silica gel 60 Fs,, 0.2 mm layer (VWR,
Germany). Column flash chromatography (FC): silica gel 60
(VWR, Germany) at 0.4 bar; sample collection with an UltraRac
II fractions collector (LKB Instruments, Sweden). UV spectra:
U-3200 spectrometer (Hitachi, Tokyo, Japan); A, (¢) in nm.
CD spectra: Jasco 600 (Jasco, Japan) spectropolarimeter with
thermostatically (Lauda RCS-6 bath) controlled 1 cm cuvettes.
NMR spectra: Avance-250 or AMX-500 spectrometers (Bruker,
Karlsruhe, Germany), at 250.13 MHz for 'H and "*C; ¢ in ppm
relative to Me,Si as internal standard or external 85% H;PO,
for *'P. The J values are given in Hz. Elemental analyses were
performed by Mikroanalytisches Laboratorium Beller (Gottingen,
Germany). The melting temperatures were measured with a Cary-
100 Bio UV-VIS spectrophotometer (Varian, Australia) equipped
with a Cary thermoelectrical controller. The temperature was
measured continuously in the reference cell with a Pt-100 resistor.

Oligonucleotides

The oligonucleotide syntheses were carried out on an ABI 392-
08 DNA synthesizer (Applied Biosystems, Weiterstadt, Germany)
at 1 umol scale using the phosphoramidites following the syn-
thesis protocol for 3'-cyanoethylphosphoramidites (user manual
for the 392 DNA synthesizer, Applied Biosystems, Weiterstadt,
Germany). The coupling efficiency was always higher than 97%.

(i) Deprotection of O-allyl-protected oligonucleotides using
Pd(0) complex followed by 25% aq. NH;.  After the completion of
the oligonucleotide synthesis the columns were washed with argon-
flushed THF and disassembled. The supported oligonucleotides
were treated at room temperature with a THF solution of
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Fig. 4 Triplex motifs formed by the protonated 2'-deoxycytidine with dG-dC (motif I) and 1, 2 and 3b with dG-dC (motif II, IIT and IV respectively).

Pd(0)[PPh;], (=3 equiv./allylic group), PPh; (25 equiv./allylic
group) and excess of allyl scavenger HCOOH-#n-butylamine (1 : 1)
(1.5 ml) for 1 h at r.t.?* This was centrifuged and the solution was
discarded. The supports were then washed with THF, acetone, 5 M
aq. N,N-diethyldithiocarbamate (DDTC) and finally with distilled
water (two times each). The deprotection of other base protecting
groups was achieved by the treatment of 25% NH; for 14-16 h at
60 °C.

(i) Purification of oligonucleotides. The 5'-dimethoxytrityl
oligomers were purified by reversed-phase HPLC (RP-18) with
the following solvent gradient system [A: 0.1 M (Et;NH)OAc
(pH 7.0)-MeCN 95 : 5; B: MeCN]: 3 min, 20% B in A, 12 min, 20—
50% B in A and 25 min, 20% B in A with a flow rate of 1.0 ml min~'.
The solvent was evaporated to dryness in a Speed-Vac evaporator
and the residue was treated with 2.5% CHCI,COOH in CH,CI,
for 5 min at 0 °C to remove the 4,4'-dimethoxytrityl residues.
The detritylated oligomers were purified by reversed phase HPLC
with the gradient: 0-20 min, 0-20% B in A with a flow rate of
1.0 ml min~'. The oligomers were desalted (RP-18, silica gel) and
lyophilized on a Speed-Vac evaporator to yield colorless solids
which were frozen at —24 °C.

The enzymatic analysis of the oligonucleotides containing 2'-
deoxyisoguanosine (1) was performed as described by Seela
and Shaikh?® with snake-venom phosphodiesterase (EC 3.1.15.1,
Crotallus adamanteus) and alkaline phosphatase (EC 3.1.3.1,
Escherichia coli from Roche Diagnostics GmbH, Germany) in
0.1 M Tris-HCl buffer (pH 8.3), which was carried out on reversed-

phase HPLC by gradient: 0.1 M (Et;NH)OAc (pH 7.0) with
flow rate 0.7 ml min~'. Quantification of the constituents was
made on the basis of the peak areas, which were divided by
the extinction coefficients of the nucleosides [(g,): dT 8800, dC
7300, dA 15400, dG 11700, 1 4300). The molecular masses of
the modified oligonucleotides were determined by MALDI-TOF
Biflex-IIT mass spectrometry (Bruker Saxonia, Leipzig, Germany)
with 3-hydroxypicolinic acid (3-HPA) as a matrix (see Table 3).
UV-Melting curves of the single-stranded intramolecular triplexes
(single strand concentration 2 pmol at 260 nm) were measured
in the buffer solution containing 10.5 mM HEPES [N-(2-
hydroxyethyl)piperazine-N'-3-(ethansulfonic acid)] with 50 mM
NacCl, 10 mM MgCl, and 0.5 mM spermine.

2-Allyloxy-6-amino-9-|2-deoxy-f-D-erythro-pentofuranosyl]-9 H-
purine (6). A mixture of 2-chloro-2-deoxyadenosine (5)*
(748 mg, 2.6 mmol) and 1 M CH,=CHCH,ONa/CH,=
CHCH,OH solution (17 ml) was stirred at 60 °C for 2 h. After
cooling, the reaction mixture was evaporated to dryness. The
residue was co-evaporated with MeOH (10 ml) and then applied
to FC (silica gel, column 3 x 14 cm, CH,Cl,-MeOH 95 : 5 to
70 : 30), yielding 6 (628 mg, 79%). (Found: C, 50.67; H, 5.71; N,
22.56%. C;;H,;N;s0O, requires C, 50.81; H, 5.57; N, 22.79%); TLC
(silica gel, CH,Cl,-MeOH, 9 : 1): R; 0.20; A,.« (MeOH)/nm 267
(¢/dm® mol~' cm~' 11 900); 5, (250.13 MHz; [d{]DMSO; Me,Si)
2.24 (1 H, m, 2-H,), 2.72 (1 H, m, 2’-Hy), 3.52-3.59 (2 H, m,
5-H,), 3.86 (1 H, m, 4-H), 4.41 (1 H, m, 3-H), 4.77 (2 H, m,
CH,0),4.99 (1 H,t,J 5.7, 5-H), 5.22, 5.39 (2 H, 2d, H,C=), 5.27
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(1 H,d, J 3.7, 3-OH), 6.05 (1 H, m, =CH), 6.24 (1 H, t, J 6.7,
1'-H), 7.27 (2H, bs, NH,), 8.13 (1 H, s, 8-H).

2-Allyloxy-6-isobutyrylamino-9-[2-deoxy-f-D-erythro-pento-
furanosyl]-9H-purine (7a). To a solution of compound 6
(337 mg, 1.1 mmol) in anhydrous pyridine (6 ml) was added
trimethylchlorosilane (1.0 ml, 7.7 mmol). After the reaction
mixture was stirred for 30 min, isobutyryl chloride (0.4 ml,
3.7 mmol) was added and the stirring was continued for another
3 h. The reaction was then cooled in an ice bath and H,O (1.2 ml)
was added. After 5 min 25% aq. NH; (1.0 ml) was added and the
reaction was stirred for 20 min at r.t. The mixture was evaporated
and co-evaporated twice with MeOH. The resulting residue was
applied to FC (silica gel, column 2 x 12 ¢cm, CH,Cl,-MeOH, 9 :
1). The main zone yielded 7a as a colorless foam (180 mg, 41%).
TLC (silica gel, CH,Cl,-MeOH, 9 : 1): R; 0.50; .., (MeOH)/nm
250 (¢/dm? mol™! em™' 6900) and 279 (8400); dy (250.13 MHz;
[d¢]DMSO; Me,Si): 0.99-1.18 (6 H, m, 2 CH3;), 2.39 (1 H, m, 2'-
H,), 2.82 (1 H, m, 2'-Hy), 2.94 (1 H, m, CH), 3.55 (1 H, m, 5'-H),
3.62(1H, m, 5-H), 3.90 (1 H, m, 4-H), 4.45 (1 H, m, 3’-H), 4.90 (2
H, m, CH,0), 5.29 (1 H, m, 5-OH), 5.27, 5.42 (2 H, 2 m, H,C=),
5.35(1 H, d, 3-OH), 6.10 (1 H, m, =CH), 6.39 (1 H, m, I'-H),
8.63 (1 H, s, 8-H), 10.52 (1 H, s, NH).

2-Allyloxy-6-benzoylamino-9-|2-deoxy-B-D-erythro-pentofura-
nosyl]-9H-purine (7b) and 2-allyloxy-6-(dibenzoyl)amino-9-|2-
deoxy-p-p-erythro-pentofuranosyl]-9H-purine (7c). As described
for 7a with 6 (337 mg, 1.1 mmol), anhydrous pyridine (6 ml),
Me;SiCl (0.65 ml, 5.0 mmol), benzoylchloride (0.44 ml, 3.7 mmol),
H,O (1.2 ml) and 25% aq. NH; solution (1.0 ml). FC (silica
gel, column 2 x 12 cm, CH,Cl,-MeOH 98 : 2 to 95 : 5):
the slow migrating zone, 7b (145 mg, 32%); the fast migrating
zone, 7¢ (142 mg, 25%). 7b: (Found: C, 58.48; H, 5.33; N
17.01%. C,H, N5Os requires C, 58.39; H, 5.15; N, 17.02%); TLC
(silica gel, CH,Cl,-MeOH, 9 : 1): R; 0.42; A,,,, (MeOH)/nm 234
(¢/dm’ mol™' ecm™' 17600) and 296 (14 100); 6, (250.13 MHz;
[ds]DMSO; Me,Si) 2.30 (1 H, m, 2-H,), 2.78 (1 H, m, 2'-Hj),
3.47-3.66 (2 H, m, 5-H), 3.87 (d, J 5.2, 4-H), 4.44 (1 H, m, 3'-
H), 485 (2 H, d, J 5.2, CH,0), 4.99 (1 H, t, J 5.5, 5-OH), 5.25,
540 2 H,2m, H,C=),5.33(1 H,d, J 4.1, 3-OH), 6.08 (1 H, m,
=CH), 6.35(1 H,t,J 6.7, I'-H), 7.50-8.02 (5 H, m, arom. H), 8.44
(1 H, s, 8-H), 11.10 (1 H, s, NH). 7¢: (Found: C, 63.06; H, 5.05;
N 13.35%. Cy;HysNsOq requires C, 62.91; H, 4.89; N, 13.58%);
TLC (silica gel, CH,Cl,-MeOH, 9 : 1): R; 0.48; /..., (MeOH)/nm
246 (¢/dm® mol~' cm~' 21 700) and 295 (11 900); 5, (250.13 MHz;
[ds]DMSO; Me,Si) 2.33 (1 H, m, 2’-H,), 2.75 (1 H, m, 2’-Hj), 3.52
(2H, m, 5-H), 3.85 (1 H, m, 4-H), 4.40 (1 H, m, 3-H), 4.56 (2 H,
d, J 5.3, CH,0),491 (1 H, t, J 5.5, 5-OH), 5.10-5.34 (3 H, m,
H,C= and 3'-OH), 5.81 (1 H, m, =CH), 6.32 (1 H, t, J 6.6, I’-H),
7.45-7.81 (10 H, m, arom. H), 8.55 (1 H, s, 8-H).

2- Allyloxy-6-benzoylamino-9-|2-deoxy-5- O-(4,4 - dimethoxy-
trityl)-p-p-erythro-pentofuranosyl]-9 H-purine (8a). The com-
pound 7b (330 mg, 0.8 mmol) was dried by repeated co-
evaporation from anhydrous pyridine and then dissolved in
anhydrous pyridine (5 ml). 4,4-Dimethoxytrityl chloride (312 mg,
0.9 mmol) was added at room temperature and the solution was
stirred for 18 h. To the reaction methanol (5 ml) was added.
After 5 min the solution was poured into 5% aqueous NaHCO,
(15 ml), extracted with CH,Cl, (4 x 10 ml). The combined organic

phase was dried over Na,SO,. After evaporation of the solvent,
the residue was applied to FC (silica gel, column 2 x 14 cm,
CH,Cl,-MeOH, 97 : 3 containing traces of Et;N) to give 8a as
a colorless foam (441 mg, 77%). (Found: C, 68.81; H, 5.61; N,
9.76%. C4H3N;O; requires C, 68.99; H, 5.51; N, 9.81); TLC
(silica gel, CH,Cl,-MeOH, 9 : 1): R; 0.37; A (MeOH)/nm 234
(¢/dm* mol™' cm™' 35600) and 294 (13 700); oy (250.13 MHz;
[ds]DMSO; Me,Si) 2.38 (1 H, m, 2-H,), 2.92 (1 H, m, 2'-Hy),
3.16-3.28 (2 H, m, 5-H), 3.72 (6 H, s, 2 CH;0), 4.02 (1 H, m,
4-H), 4.51 (1 H, m, 3-H), 4.70, 4.76 (2 H, 2m, CH,0), 5.22-5.39
(3 H, m, H,C= and 3-OH), 6.05 (1 H, m, =CH), 6.41 (1 H, t, J
6.3, 1'-H), 6.76-8.03 (18 H, m, arom. H), 8.37 (1 H, s, 8-H), 11.10
(1 H, s, NH).

2-Allyloxy-6-benzoylamino-9-[2-deoxy-5-O-(4,4'-dimethoxytri-
tyl)-p-p-erythro-pentofuranosyl]-9 H-purine 3'-|O-(2-cyanoethyl)-
diisopropylphosphoramidite] (9a). A solution of compound 8a
(214 mg, 0.3 mmol) in dichloromethane (8.7 ml) was flushed
with argon and kept under an argon atmosphere. Then chloro(2-
cyanoethoxy)(diisopropylamino)phosphine (0.27 ml, 1.21 mmol)
and diisopropylethylamine (0.21 ml, 1.2 mmol) were added under
stirring at room temperature. The stirring was continued for 2.5 h
and the solution was poured into 5% aq. NaHCO; soln (9 ml).
It was extracted with CH,Cl, (3 x 8 ml). The combined organic
phase was dried over Na,SO,, filtered and evaporated to give an
oily residue. The residue was dissolved in CH,Cl, and a white
powder (9a) (247 mg, 90%) was isolated from precipitation into
cyclohexane (200 ml). TLC (silica gel, CH,Cl,-AcOEt-Et;N, 45 :
45:10): R; 0.66; *'P-NMR (CDCl,): 6 149.4, 149.6.

2-Allyloxy-6-{ (di-n-butylaminomethylidene)amino }-9-[2-deoxy-
B-D-erythro-pentofuranosyl]-9 H-purine (7d). To a solution of
compound 6 (600 mg, 1.95 mmol) in MeOH (15 ml), N,N-di-n-
butylformamide dimethylacetal (1 gm, 4.95 mmol) was added.
The mixture was stirred at 40 °C for 2 h and evaporated to
dryness. The resulting residue was applied to FC (silica gel
column, 3 x 12 ¢cm, CH,Cl,-MeOH, 9 : 1). The main zone yielded
7d as a colorless foam (687 mg, 79%). (Found: C, 58.99; H, 7.84;
N, 18.71%. C,,H34NsO, requires C, 59.17; H, 7.67; N, 18.82%);
TLC (silica gel, CH,Cl,-MeOH, 8 : 2): R, 0.45; /.., (MeOH)/nm
239 (¢/dm’® mol™' cm~"10100), 266 (6400) and 318 (28 800); oy
(250.13 MHz; [d¢]DMSO; Me,Si) 0.91 (6 H, m, 2 CH;), 1.31 (4 H,
m, 2 CH,), 1.58 (4 H, m, 2 CH,), 2.22 (1 H, m, 2’-H,), 2.72 (1 H,
m, 2'-Hy), 3.42 (4 H, m, 2 CH,N), 3.56 2 H, t, J 6.59, 6.79, 5'-H),
3.84 (1 H, m, 4-H), 4.40 (1 H, m, 3-H), 4.81 (2 H, m, OCH,),
5.00 (1 H, t, 5-OH), 5.25-5.42 (3 H, m, =CH, and 3'-OH), 6.04
(1H, m,=CH), 6.28 (1 H,t,J5.92,6.19, I'-H), 8.24 (1 H, s, 8-H),
8.88 (1 H, s, HC=N).

2-Allyloxy-6-{ (di-n-butylaminomethylidene)amino }-9-[2-deoxy-
5-0-(4,4' -dimethoxytrityl)-p-D-erythro-pentofuranosyl]-9 H-purine
(8b). Compound 7d (500 mg, 1.12 mmol) was dried by repeated
co-evaporations from anhydrous pyridine (5 ml x 2) and
dissolved in anhydrous pyridine (5 ml). The solution was treated
with 4,4’-dimethoxytrityl chloride (440 mg, 1.3 mmol) at r.t. under
stirring for 4 h. The mixture was poured into 5% aq. NaHCO;
solution (25 ml) and extracted with CH,Cl, (3 x 30 ml). The
combined organic phase was dried over Na,SO,, evaporated and
the residue was applied to FC (silica gel, column 3 x 12 cm,
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stepwise gradient: CH,Cl,—(CH;),CO95:5,9:1and 3 :1). The
main zone gave 8b as a colorless foam (650 mg, 78%). (Found: C,
69.02; H, 7.10; N, 11.19%. C,;;H5,NO, requires C, 68.96; H, 7.00;
N, 11.22%); TLC (silica gel, CH,Cl,—MeOH, 95 : 5): R; 0.32; 4.«
(MeOH)/nm 234 (¢/dm’ mol~! cm~' 27 700), 266 (6400) and 317
(25700); 0 (250.13 MHz; [d,]DMSO; Me,Si) 0.92 (3 H, m, CH;),
1.32 (4 H, m, 2 CH,), 1.58 (4 H, m, 2 CH,), 2.31 (1 H, m, 2-H,),
2.86 (1 H, m, 2'- Hy), 3.42 (4 H, m, 2 CH,N), 3.58 (2 H, t, J 6.59,
6.79, 5H), 3.96 (1 H, m, 4-H), 4.46 (1 H, m, 3H), 4.68 (2 H, m,
OCH,), 5.29 (2 H, m, =CH,), 5.35 (1 H, d, J 3.20, 3-OH), 6.01
(1 H, m, =CH), 6.32 (1 H, t, J 5.92, 6.19, 1'-H), 6.70-6.80 (m,
arom. H) and 7.16-7.32 (m, arom. H), 8.16 (1 H, s, 8-H), 8.87 (1
H, s, HC=N).

2-Allyloxy-6-{ (di-n-butylaminomethylidene)amino }-9-[2-deoxy-
5-0-(4,4' -dimethoxytrityl)-p-D-erythro-pentofuranosyl]-9 H-purine
3'-(2-cyanoethyl)-diisopropylphosphoramidite(9b). To a solution
of compound 8b (300 mg, 0.4 mmo) in anhydrous CH,Cl, (5 ml)
was added N,N-diisopropylethylamine (116 pl, 0.66 mmol) and
chloro(2-cyanoethoxy)(diisopropylamino)phosphine (130 pl,
0.58 mmol) while stirring under an argon atmosphere. The
stirring was continued for 30 min and the reaction was quenched
with 30 ml CH,Cl,. An aqueous solution of 5% NaHCO; was
added, the aqueous phase was extracted with CH,Cl, (30 ml x 3).
The combined organic phase was dried over Na,SQ,, evaporated
and the residue was applied to FC (silica gel, column 3 x 8 cm,
CH,Cl,—(CH;),CO 95 : 5). Evaporation of the main zone afforded
compound 9b as a colorless foam (250 mg, 66%). TLC: (silica
gel, CH,Cl,—acetone, 95 : 5): R; 0.54, 0.46; *P-NMR (CDCl,): 6
150.19, 149.88.

2-{[(Dimethylamino)methylidene]amino } - 3,5-dihydro-3-[(piva-
loyloxy)methyl]-7-(prop-1-ynyl)-4 H-pyrrolo[3,2-d|pyrimidin-4-one
(11). To a solution of 2-{[(dimethylamino)methylidene]amino }-
3,5-dihydro-7-iodo-3-[(pivaloyloxy)methyl]-4 H - pyrrolo[3,2-d]-
pyrimidin-4-one (10) (1.5 g, 3.37 mmol)" in anhydrous DMF
(10 ml) tetrakis(triphenylphosphine)palladium(0) [(PPh;),Pd(0)]
(348 mg, 0.33 mmol), Cul (204 mg, 1.07 mmol) and triethylamine
(840 pl, 5.98 mmol) were added while stirring. The sealed
suspension was saturated with propyne at 0 °C and stirred at
r.t. for 24 h. The solvent was evaporated in vacuo, the reaction
mixture dissolved in MeOH (5 ml) and adsorbed on silica gel
(4 g). The resulting powder was subjected to FC (silica gel,
column 15 x 3 cm, CH,Cl,~MeOH, 95 : 5). From the main zone,
compound 11 was isolated as a colorless solid (1.103 mg, 91%).
(Found: C, 60.32; H, 6.40; N, 19.43%. C3H,;NsO; requires C,
60.49; H, 6.49; N, 19.59%); TLC (silica gel, CH,Cl,-MeOH, 95 :
5): Ry 0.38; Ao (MeOH)/nm 223 (¢/dm?® mol~!' em™' 26 000), 266
(25200) and 308 (16 600); dy (250.13 MHz; [d,]DMSO; Me,Si)
1.07 (9 H, s, 3 CH;), 2.01 (3 H, s, CH;), 2.96, 3.15 (6 H, 2s, 2
NCH,), 6.16 (2 H, s, OCH,), 7.43 (1 H, d, J 2.97, 8-H), 8.49 (1
H, s, N=CH), 12.03 (1 H, s, NH).

5-2-Deoxy-3,5-di-O-(p-toluoyl)-p-D-erythro-pentofuranosyl]-{ [2-
(dimethylamino)methylidene]amino }-3,5-dihydro-3-[(pivaloyloxy)-
methyl]-7-(prop-1-ynyl)-4 H-pyrrolo[3,2-d]pyrimidin-4-one  (14).
Method A: To a suspension of powdered KOH (140 mg,
2.50 mmol) and TDA-1 (tris[2-(2-methoxyethoxy)ethyllamine,
46 ul, 0.14 mmol) in anhyd. MeCN (10 ml) was added compound
11 (725 mg, 2.03 mmol) while stirring at r.t. The stirring was

continued for another 10 min and 2-deoxy-3,5-di-O-(p-toluoyl)-
a-D-erythro-pentofuranosyl chloride (12) (970 mg, 2.50 mmol)
was added in portions. After 30 min insoluble material was
filtered off and the solvent was evaporated. The resulting foam
was applied to FC (silica gel, column, 12 x 3 cm, CH,Cl,—
(CH;),CO, 98 : 2). A colorless foam 14 was isolated from
the main zone (1.28 gm, 89%). Method B: To a solution of
compound 13 (850 mg, 1.06 mmol)"” in anhydrous DMF (6 ml),
tetrakis(triphenylphosphine)palladium(0) [(PPh;),Pd(0)] (116 mg,
0.1 mmol), Cul (68 mg, 0.36 mmol) and triethylamine (280 pl,
1.99 mmol) were added. The sealed suspension was saturated
with propyne at 0 °C and stirred at r.t. for 24 h. The solvent
was evaporated to dryness. The residue was dissolved in MeOH
(4 ml), adsorbed on silica gel (2 g) and subjected to FC (silica gel,
column 15 x 3 cm, CH,Cl,—(CH;),CO, 98 : 2). From the main
zone, compound 14 was isolated as a colorless foam (598 mg,
79%). (Found: C, 65.98; H, 6.03; N, 9.92%. C;H;;N;O; requires
C, 65.99; H, 6.11; N, 9.87%); TLC (silica gel, CH,Cl,—(CH,),CO,
95:5): R 0.75; Ay (MeOH)/nm 235 (¢/dm’ mol~' cm~' 43 100),
266 (23300) and 312 (16600); J4 (250.13 MHz; [d,]DMSO;
Me,Si) 1.06 (9 H, s, 3 CH;), 2.01 (3 H, s, CH;), 2.36, 3.38 (6 H,
2s, 2 OCH,), 2.66-2.83 (2 H, m, 2’-H), 2.96, 3.15 (6 H, 2 s, 2
NCH;), 4.48-4.60 (2 H, m, 5-H and 4-H), 5.63 (1 H, m, 3-H),
6.14 (2 H, s, OCH,), 6.98 (1 H, t, J 6.7 Hz, I’-H), 7.30-7.37 (4 H,
m, arom. H), 7.81-7.92 (6 H, m, arom. H and 6-H), 8.50 (1 H, s,
N=CH).

5-[2-Deoxy-p-D-erythro-pentofuranosyl]-2-{[(dimethylamino)-
methylidenelamino } -3,5-dihydro-7-prop-1-ynyl)-4 H -pyrrolo[3,2-
d]pyrimidin-4-one (15). A solution of 14 (1 g, 1.40 mmol) in
0.1 M NaOMe in MeOH (50 ml) was stirred for 1 h at r.t. The
reaction mixture was cooled and neutralized with 5% acetic acid in
MeOH. Silica gel was added (4 g) and the solvent was evaporated.
It was applied to FC (silica gel, column 14 x 3 cm, CH,Cl,-MeOH,
9 : 1). The main zone afforded 15 as a colorless solid (480 mg,
95%). (Found: C, 58.80; H, 5.74; N, 19%. C;H,,N;O, requires C,
56.82; H, 5.89; N, 19.49%); TLC (silica gel, CH,Cl,-MeOH, 95 :
5): R; 0.20; A,.x (MeOH)/nm 226 (¢/dm* mol~' cm™! 25 800), 266
(23300) and 300 (19200); 5, (250.13 MHz; [d,]DMSO; Me,Si)
2.03 (3H, s, CH;), 2.21-2.28 (2 H, m, 2’-H), 3.00, 3.14 (6 H, 2 s,
2 NCH;), 3.51 (2 H, m, 5-H), 3.79 (1 H, m, 4-H), 4.28 (1 H, m,
3-H), 494 (1 H, t, J 5.53 Hz, 5-OH), 5.21 (1 H, d, J 3.80 Hz,
3-OH), 6.85 (1 H, t, J 6.75 Hz, 1’-H), 7.80 (1 H, s, 6-H), 8.50 (1
H, s, N=CH), 11.25 (1 H, s, NH).

5-[2-Deoxy-p-D-erythro-pentofuranosyl]-2- {[(dimethylamino)-
methylidene]amino }-3,5-dihydro-3-[(pivaloyloxy)methyl]-7-(prop-
1-ynyl)-4 H-pyrrolo[3,2-d]pyrimidin-4-one (16). A solution of
compound 14 (400 mg, 0.56 mmol) in 0.01 M NaOMe-MecOH
(20 ml) was stirred for 45 min at r.t. The reaction mixture was
cooled in an ice bath and neutralized with 5% acetic acid in
MeOH. Silica gel (2 g) was added and the solvent was evaporated
to dryness. The resulting powder was applied to FC (silica gel,
column 14 x 2 cm, CH,Cl,-MeOH, 98 : 2). The main zone
afforded compound 16 as a colorless solid (158 mg, 59%). (Found:
C, 58.26; H, 6.70; N, 14.61%. C,;H;N;O, requires C, 58.34; H,
6.60; N, 14.79%); TLC (silica gel, CH,Cl,-MeOH, 95 : 5): R; 0.36;
Amaex (MeOH)/nm 218 (¢/dm?® mol~' cm~' 41 500), 267 (38 400) and
312 (29 100); dy (250.13 MHz; [d,]DMSO; Me,Si) 1.05 (9 H, s, 3
CH,), 1.99 3 H, s, CH;), 2.20-2.25 (2 H, m, 2’-H), 2.94, 3.13 (6 H,
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25,2 NCH,), 3.50 2 H, m, 5-H), 3.76 (1 H, m, 4-H), 4.25 (1 H,
m, 3-H), 4.94 (1 H, t, J 4.94 Hz, $-OH), 5.21 (1 H, d, J 3.65 Hz,
3-OH), 6.12 (2 H, s, OCH,), 6.80 (1 H, t, J 6.45 Hz, I'-H), 7.85 (1
H, s, 6-H), 8.47 (1 H, s, N=CH).

2- Amino-5-(2-deoxy - -D-erythro-pentofuranosyl)-3,5-dihydro-
7-(prop-1-ynyl)-4H-pyrrolo|[3,2-d|pyrimidin-4-one ~ (3b). Com-
pound 15 (150 mg, 0.42 mmol) was stirred in 25% aq. NH;
(25 ml) at 60 °C for 12 h in a closed bottle. The solvent was
evaporated under vacuum and the residue was dissolved in water
(50 ml) and chromatographed on SERDOLIT AD-4 resin. The
salt was washed with distilled water for 2 h and the product was
collected with MeOH-water (1 : 5). The main zone afforded
3b as a colorless solid (112 mg, 88%). It was crystallized from
MeOH (m.p. 195-196 °C). (Found: C, 55.24; H, 5.14; N, 18.46%.
C4,H(N,O, requires C, 55.26; H, 5.30; N, 18.41%); TLC (silica
gel, CH,Cl,-MeOH, 9 : 1): R; 0.25; 4., (0.1M sodium phosphate
buffer pH 7.0)/nm 235 (¢/dm?® mol~' cm~' 27000), 277 (5700)
and 302 (5900); oy (250.13 MHz; [d,]DMSO; Me,Si) 1.98 (3 H, s,
CHs;), 2.20-2.30 2 H, m, 2’-H), 3.51 (2 H, m, 5-H), 3.76 (1 H, m,
4-H), 4.26 (1 H, m, 3-H), 4.92 (1 H, m, 5-OH), 5.18 (1 H, d, J
2.85Hz, 3-OH), 6.08 (2 H, s, NH,), 6.73 (1 H, t, J 6.32 Hz, I"-H),
7.71 (1 H, s, 6-H), 10.68 (1 H, s, NH).

5-[2-Deoxy-5-0-(4,4 -dimethoxytrityl)-p-D-erythro-pentofura-
nosyl] - 2 - {[(dimethylamino)methylidene]amino} - 3,5 - dihydro - 7-
(prop-1-ynyl)-4 H-pyrrolo|3,2-d|pyrimidin-4-one 7). Com-
pound 15 (170 mg, 0.47 mol) was dried by repeated co-
evaporation with anhydrous pyridine (2 x 3 ml) and dissolved
in pyridine (4 ml). After the addition of 4,4'-dimethoxytrityl
chloride (170 mg, 0.50 mmol), the solution was stirred for 2 h at
r.t. CH,Cl, (30 ml) was added and washed with 5% aq. NaHCO;
solution (25 ml). The aqueous layer was extracted with CH,Cl,
(25 x 2 ml). The combined organic phase was dried over Na,SO,
and evaporated to dryness. The residue was subjected to FC (silica
gel, column 12 x 2 cm, CH,ClL,—(CH;),CO, 95 : 5). The main
zone afforded compound 17 as a colorless foam (225 mg, 72%).
(Found: C, 68.79; H, 5.91; N, 10.39%. C;xH3N;O,4 requires C,
68.97; H, 5.94; N, 10.58%); TLC (silica gel, CH,Cl,-MeOH, 95 :
5): Ry 0.27; A MeOH)/nm 231 (¢/dm?® mol~!' em™! 40 600), 266
(25300) and 301 (18300); dy (250.13 MHz; [d,]DMSO; Me,Si)
1.99 3 H, s, CH;), 2.24 (1 H, m, 2'-H,), 2.34 (1 H, m, 2'-Hy), 2.99
(3 H, s, NCH;), 3.12 (5 H, m, NCH; and 5-H), 3.72 (6 H, s, 2
OCH,), 3.88 (1 H, m, 4-H), 4.27 (1 H, m, 3-H), 5.31 (1 H, d, J
4.07 Hz, 3-OH), 6.84 (5 H, m, I'-H and arom. H), 7.23-7.38 (9
H, m, arom. H), 7.61 (1 H, s, 6-H), 8.49 (1 H, s, N=CH), 11.28 (1
H, s, NH).

5-]2-Deoxy-5-0-(4,4 -dimethoxytrityl)-p-D-erythro-pentofura-
nosyl] - 2 - {[(dimethylamino)methylidene]amino} - 3,5 - dihydro - 3
[(pivaloyloxy)methyl]-7-(prop-1-ynyl)-4 H-pyrrolo|3,2-d|pyrimidin-
4-one (18). Compound 16 (170 mg, 0.36 mmol) was dried
by repeated co-evaporation with anhydrous pyridine (2 X
3 ml) and dissolved in pyridine (4 ml). After the addition of
4,4'-dimethoxytrityl chloride (135 mg, 0.39 mmol), the solution
was stirred for 2 h at r.t. and CH,Cl, (30 ml) was added and
washed with 5% aq. NaHCO; solution (25 ml). The aqueous layer
was extracted with CH,Cl, (25 x 2 ml), dried over Na,SO, and
evaporated to dryness. The residue was subjected to FC (silica
gel, column 12 x 2 ¢cm, CH,Cl,—(CH;),CO, 95 : 5). The main

zone afforded compound 18 as a colorless foam (210 mg, 76%).
(Found: C, 68.16; H, 6.37; N, 9.01%. C,H,N;O; requires C,
68.11; H, 6.37; N, 9.03%); TLC (silica gel, CH,Cl,-MeOH, 95 :
5): R; 0.42; A,..« (MeOH)/nm 231 (¢/dm* mol~' cm™' 41 100), 269
(28700) and 313 (19800); 4 (250.13 MHz; [d,]DMSO; Me,Si)
1.09 (9 H, s, 3 CH;), 2.01 (3 H, s, CH;), 2.24 (1 H, m, 2-H,), 2.38
(1 H, m, 2’-Hy), 2.98 (3 H, s, NCH;), 3.16 (5 H, m, NCH; and
5-H), 3.73 (6 H, s, 2 OCH;), 3.91 (1 H, m, 4-H), 4.29 (1 H, m,
3-H), 5.29 (1 H, d, J 4.25 Hz, 3-OH), 6.17 (2 H, s, OCH,), 6.84
(5 H, m, I’-H and arom. H), 7.20-7.39 (9 H, m, arom. H), 7.72 (1
H, s, 6-H), 8.52 (1 H, s, N=CH).

5-]2-Deoxy-5- 0-(4,4' -dimethoxytrityl)-B-D-erythro-pentofura-
nosyl]-2-{[(dimethylamino)methylidene]amino }-3,5-dihydro-7{(prop-
1-ynyl)-4H-pyrrolo[3,2-d]pyrimidin-4-one  3'-|2-cyanoethyl-diiso-
propylphosphoramidite] (19). To a solution of compound
17 (145 mg, 0.22 mmol) in anhydrous CH,Cl, (5 ml), N,N-
diisopropylethylamine (DIPEA) (70 pl, 0.40 mmol) and
2-cyanoethyl-diisopropylphosphoramido  chloridite (84 ul,
0.37 mmol) were added under an argon atmosphere. After stirring
for 30 min, 5% aq. NaHCO; solution was added, and it was
extracted with CH,Cl, (10 ml x 2). The organic layer was dried
over Na,SQ,, filtered and evaporated. The residue was subjected
to FC (silica gel, CH,Cl,—acetone, 9 : 1). The main zone afforded
compound 19 as a colorless foam (140 mg, 74%). TLC (silica gel,
CH,Cl,—(CH;),CO, 8 : 2): R; 0.6; *'P-NMR (CDCl,): 6 149.79,
150.12.

5-]2-Deoxy-5- 0-(4,4' -dimethoxytrityl)-B-D-erythro-pentofura-
nosyl| - 2 - {[(dimethylamino)methylidene]amino } - 3,5 - dihydro - 3-
[(pivaloyloxy)methyl]-7-(prop-1-ynyl)-4 H-pyrrolo|3,2-d|pyrimidin-
4-one  3'-[2-cyanoethyl-diisopropylphosphoramidite] (20). As
described for 19 with compound 18 (215 mg, 0.28 mmol),
N,N-diisopropylethylamine (DIPEA) (40 pl, 0.23 mmol) and
2-cyanoethyl-diisopropylphosphoramido  chloridite (50 pul,
0.22 mmol) in anhydrous CH,Cl, (5 ml). FC (silica gel, CH,Cl,—
acetone, 9 : 1) afforded compound 20 as a colorless foam (120 mg,
44%). TLC (silica gel, CH,Cl,—(CH;),CO, 8 : 2): R; 0.7; *'P-NMR
(CDCl,): 0 149.79, 150.12.
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A systematic investigation on the cycloreversion reaction of the cycloadduct formed between
substituted cyclopentadiene and p-benzoquinone (1-19) is reported at the B3LYP/6-311+G**//
B3LYP/6-31G* level of theory. The computed activation barrier exhibits a fairly high sensitivity to the
nature of substituents at the C,-position. Gibbs free energy of activation for 1 and 19 are found to be
20.3 and 30.1 kcal mol™!, respectively, compared to 7, which is estimated to be 24.7 kcal mol~!.
Quantitative analysis of the electronic effects operating in both the cycloadduct as well as the
corresponding transition state for the retro Diels—Alder (rDA) reaction performed using the natural
bond orbital (NBO) and atoms in molecule (AIM) methods have identified important two-electron
stabilizing interactions. Among four major delocalizations, 6(C,—X) to 6*(C,—Cs) [and to 6*(C,—Cq)] is
identified as the key contributing factor responsible for ground state C,—Cs bond elongation, which in
turn is found to be crucial in promoting the rDA reaction. A good correlation between the population
of antibonding orbital [c*(C,—C;)] of the ground state cycloadduct and Gibbs free energy of activation
is observed. The importance of factors that modulate ground state structural features in controlling the

energetics of rDA reaction is described.

Introduction

The retro Diels—Alder reaction (rDA) is an important class
of pericyclic reaction, which gained considerable attention over
the years both from experimental as well as theoretical groups. The
earliest reports on the reverse of the Diels—Alder reaction date back
to its very discovery, where the cycloadduct formed between furan
and maleic anhydride was found to undergo dissociation near
its melting point.! While rDA reactions are often reported as an
issue under elevated temperatures, a more programmed approach
was able to exploit the potential of this reaction. Numerous
examples have been reported on the practical utility of rDA
reactions as a ring opening strategy in the total synthesis of many
natural products as well as heterocyclic compounds.? The Diels—
Alder/retro Diels—Alder reaction sequence is frequently employed
in masking double bonds on the dienophile and subsequent
regeneration after successfully carrying out other functional group
transformations elsewhere in the dienophile.* The rDA normally
require the use of high temperatures or flash vacuum thermolysis
(FVT) techniques, which are not suitable for many dienes and
monomers owing to decomposition issues of reactants prior to
the desired rDA reaction.* There have been interesting reports
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in the recent literature on low temperature rDA reactions with
functionalized fulvenes as the diene component.’ Reversible Diels—
Alder reactions have also been exploited in order to synthesize
certain biologically active compounds® and dendrimers,® where
rDA reactions are carried out at relatively lower temperatures by
careful choice of the diene. It is of inherent interest to unravel
the factors that could directly influence the energetics of the rDA
reaction so as to achieve milder reaction conditions and faster
rates.

A large number of studies aimed at establishing the mecha-
nism of these reactions,” the role of substituents in determining
stereoselectivity® and n-facial selectivity’ has been found in the
literature. Questions related to the concerted versus step-wise
mechanism for Diels—Alder reactions remained as a topic for
several leading discussions.’ Through their theoretical studies,
Houk et al. suggested that concerted mechanisms are, in general,
favored by about 3-7 kcal mol™!' over the step-wise pathway.!!
Zewail and co-workers have studied rDA reactions using a fem-
tosecond dynamics method, which suggested that both trajectories
(concerted and step-wise) are possible in these reactions, but
acceptance of the favorable mechanism needs careful geometrical
analysis of the reactants, the location of the transition state and
the barrier height of reaction.”

Structure and energetics of molecules in the ground state as
well as the transition state can provide valuable information on
chemical reactions. As part of our continued effort in exploring
the substituent effects in rDA reactions, we have decided to
investigate a simple cycloadduct that could serve as synthetic
equivalent for masked double bonds. Magnus et al. assigned the
‘B-silyl effect’ as the primary reason behind the observed rate
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enhancement in the rDA reaction for trimethylsilyl substituted
cycloadducts by considering a polarized transition state in a
step-wise mechanism (Scheme 1).

Another interesting report closely pertaining to the present
thesis is due to White and co-workers, where they have demon-
strated that ground state geometries could have a profound
effect on the observed rate enhancement in the rDA reaction for
a range of cyclopentadiene and cyclohexadiene cycloadducts.*
Cycloadducts a and ¢, that undergo a facile rDA reaction upon
heating, were found to have elongated C,—C, bonds at the ground
state compared to their saturated analogues b and d (Chart 1).

(0] 0]
@] 1 Q
2
o) [0)
0 0 (0] 0

a b c d
Chart 1

In a very recent study, Kotha er al. have demonstrated how
an orbital interaction protocol can effectively be employed in
reducing the kinetic barrier associated with the cyclo-reversion
process which can help achieve the rDA reaction under milder
experimental conditions.”” Consideration of the increasingly pop-
ular applications of the rDA reaction and the lack of systematic
investigations on the energetics of this reaction as a function of
the substituents, prompted us to investigate the importance of
structural features in the ground state and the corresponding
relationship with the reaction energetics. Herein, we report a
systematic study on the effect of substituents on the rDA reaction
of cycloadducts formed between substituted cyclopentadiene
and p-benzoquinone based on the hybrid Hartree—Fock density
functional theory method.

Computational methods

Potential energy surfaces have been explored using the B3LYP/6-
31G* level of theory using the GAUSSIAN 98 suite of quantum
chemical programs.’® Performance of hybrid-HF DFT methods
(such as B3LYP), particularly for pericyclic reactions, has been
quite impressive.'” All geometries were fully optimized and have
been characterized as stationary points on the potential energy
surface at the same level of theory by evaluating corresponding
Hessian indices. Single point energies have been computed with a
more flexible basis set, namely, the 6-311+G**. All the energies
are reported at the B3LYP/6-311+G**//B3LYP/6-31G* level of
theory. Zero-point vibrational energies (at the B3LYP/6-31G*
level) have been scaled by 0.9806 and are included in the reported
energies.” Transition states of cycloreversion reactions have been
characterized by the unique imaginary frequency pertaining to the

reaction coordinate. Further, we have carried out 10% geometric
displacement of the transition state geometry along the direction
of the imaginary vibrational frequency and subsequently reopti-
mized using ‘calcfc’ option. This is to ensure whether the obtained
transition state genuinely connects reactants and product. Intrinsic
reaction coordinate (IRC) calculations have also been carried out
to authenticate the transition state.” Weinhold’s natural bond
orbital analysis has been performed using the NBO5.0 program
so as to probe the electron delocalization in detail.® Topological
analysis with Bader’s atoms in molecule analysis?* (AIM) was
carried out using AIM2000 software. Both NBO and AIM
analyses were performed on the wave function obtained at the
B3LYP/6-311+G**//B3LYP/6-31G* level.

Results and discussion

We have chosen an interesting class of cycloadducts formed
between cyclopentadiene and p-benzoquinone, with different
substituents on the cyclopentadienyl unit (Scheme 2). These
cycloadducts are ideal substrates in establishing the role of
substituents on the kinetics of the rDA reaction. The energy
barrier for the rDA for a variety of C; substituted systems has
been calculated at the B3LYP/6-311+G**//B3LYP/6-31G* level
of theory and the results are summarized in the following sections.

Scheme 2 Retro Diels-Alder reaction of the methano bridge-
substituted (C;) cycloadduct between substituted cyclopentadiene
and p-benzoquinone.

Magnus et al. have elegantly demonstrated through their kinetic
measurements that rDA reaction of the cycloadduct between
S-(trimethylsilyl)cyclopentadiene and p-benzoquinone, proceeds
95 times faster than the corresponding unsubstituted system
(X = H) under comparable reaction conditions.”® This evidently
indicates that the barrier to rDA reaction for 7-trimethylsilyl
substituted substrate should be fairly low, an observation rem-
iniscent of the ‘B-silyl effect’ proposed to explain the stability
of carbocations.”® We believe that rDA reactions considered in
the present study (1 through 19) will most likely proceed via a
concerted pathway through a nearly symmetric transition state.
Thus, the possibility for larger charge separation and concomitant
stabilization of charge separated intermediates by B-silyl group
can safely be excluded. While the rate acceleration offered by the
—SiMe, group at the C, position is known, generalizations on how
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Table 1 Key structural parameters obtained at the B3LYP/6-31G* level
for the cycloadducts formed between substituted cyclopentadiene and p-
benzoquinone*

Substituents C,-C; C—X C,-C, C-C, Cs—C¢

—SiMe;(1) 1.587 1.915 1.521 1.341 1.558
-GeH; (2) 1.586 1.957 1.521 1.340 1.560
-BH, (3) 1.582 1.572 1.524 1.344 1.560
-PH, (4) 1.584 1.882 1.521 1.340 1.561
~CMe; (5) 1.584 1.555 1.520 1.340 1.562
—CHO (6) 1.581 1.513 1.522 1.340 1.560
-H (7) 1.583 1.094 1.522 1.341 1.560
-C,H; (8) 1.581 1.531 1.521 1.340 1.560
~Me (9) 1.581 1.526 1.521 1.340 1.561
—SH (10) 1.581 1.833 1.521 1.341 1.563
-COMe (11) 1.579 1.528 1.523 1.341 1.562
—-COOH (12) 1.579 1.515 1.523 1.341 1.562
-Cl1 (13) 1.581 1.810 1.521 1.339 1.564
-NH, (14) 1.577 1.450 1.523 1.342 1.563
-CN (15) 1.577 1.463 1.523 1.340 1.562
-OMe (16) 1.578 1.402 1.519 1.339 1.563
-NO, (17) 1.577 1.510 1.524 1.340 1.564
—OH (18) 1.575 1.403 1.521 1.344 1.563
-F (19) 1.577 1.380 1.521 1.340 1.565

“ Atoms numbers are same as in Scheme 1.

different substituents could influence the rate of rDA reactions as
well as the electronic origins behind observed rate enhancements
are conspicuously absent. We have decided to probe in greater
detail the fundamental reasons behind the rate acceleration by
trimethylsilyl and a number of other substituents. An orbital
interaction protocol is adopted to gain insight on the electronic
effects operating both at the ground as well as the transition states.

First, investigation of the structural parameters of the cy-
cloadducts is taken up with the immediate objective of identifying
the role of substituents on the cycloadduct geometry. Optimized
structural parameters containing key bond distances of the
cycloadducts are summarized in Table 1.* In general, it can be
noticed that the C,—C;s (and C,—C¢) bond is much longer than a
normal C-C single bond (cf. 1.537 A for cyclohexane computed
at the same level of theory). While the bond elongation can in
part be attributed to the inherent strain in the bicyclo system,
variation of bond length with respect the nature of substituents
at the C, position appears interesting and warrants a detailed
investigation. Another interesting observation relates to the C,—
C; elongation compared to the corresponding bond distance in
a similar bicyclic compound with a saturated C,—C, bond. For
instance, substituents such as —SiMe; (1), increase the C,—C; (and
C,—Cy) bond distance compared to the unsubstituted system (X =
H) whereas, cyano (15) and fluoro (19) groups decrease the bond
distance.”® Such variations could have subtle consequences on the
energetics of cycloreversion reactions, where C,—Cs and C,—C,
bonds are being cleaved. Other bond distances such as C,—C, and
C;—C, show little sensitivity to the C, substituents. Interestingly,
the C,—C; bond distances in a saturated version (hydrogenated C;—
C, bond) of the same bicyclic compound show a uniformly shorter
bond length (averaging around 1.56 A) irrespective of the nature of
C,-substituents.”® Probing the governing electronic factors behind
substituent-dependent bond length variation in these substrates is
intuitively appealing at this juncture. The natural bond orbital
(NBO) analysis has been widely accepted as a useful tool to
understand electronic interactions in molecules.” We have carried

out an exhaustive search for key orbital interactions responsible
for the structural features in these cycloadducts based on the NBO
method and results are succinctly represented below.

The structural features in these cycloadducts offer antiperi-
planar disposition of C;,—X and C,—C; (and C,~C4) bonds that
will help to maximize o x, — 0% filled—unfilled electronic
interactions.” In case of the —SiMe,; substituent, the second
order perturbation stabilization energy arising due to two-electron
stabilizing interaction is computed to be 1.72 kcal mol~'. The
ability of the antiperiplanar substituent —SiMe, to increase the
population of the ¢* antibonding orbital of C,—Cs (and C,—Cy)
bond is one of the key factors responsible for bond elongation.
Contour diagram, 1-1, generated using the NBO basis as given
in Fig. 1, clearly depicts an effective ‘filled—unfilled’ orbital
interaction between donor [6(C,;—-Si) bond] and acceptor orbitals
[c*(C,—Cy)]. It is also noticed that the energy difference (AE)
between interacting donor—acceptor orbitals in the trimethylsilyl
system is smaller than with any other substituent, hence the
interaction is expected to be better (Table 2). Examination of other
electron delocalizations revealed that C,—Cs bond elongation is
further assisted by n(C;—C,) to o*(C,—C;) [and C,—C] donation
(1-2). The role of (C;—C,) to 6*(C,—Cs) donation has been verified
by examining the structural parameters for the corresponding
saturated bicyclic system (hydrogenated C;—C, bonds) at the same
level of theory. For example, when X = H, the C,—~Cs bond
distances are 1.561 and 1.583 A, respectively, for saturated and
unsaturated systems.** The extent of n(C;—C,) to o*(C,—C;) and
o(C,—C;) to n*(C;—C,) donations has been found to remain nearly
the same, irrespective of the nature of the X-group present at the
C;, position.”® Another contributing factor depleting the o(C,~Cs)
population is delocalization from C,—C;s to n*(C;—C,) (1-3) as well
as to 6%(C,—X) (1-4). All these four delocalizations are succinctly
represented in Fig. 1 using contour diagrams generated with NBO
basis. The net effect of all four delocalizations, first two involving
o*(C,—Cs) as the acceptor orbital and another two interactions
where o(C,—C;) acts as donor orbitals, results in bond elongation
compared to both saturated and unsubstituted (when X = H)
analogues of this bicyclic system. The difference in population
of 6*(C,—C;5) bond across a number of systems considered here is
found to be more sensitive to the nature of substituents attached to
the C, position. For sake of brevity, we have included second order
perturbation energies for only these delocalizations in Table 2. A
complete set of orbital delocalizations is included in Table S2 in
the ESL.¥

Variations in bond elongation in the ground state cycloadducts
are further probed by topological analysis of the electron density
using the atoms in molecules (AIM) method.* Calculated prop-
erties of (3, —1) bond critical points along C,—Cs bond, such as
electron density [p(r.)], Laplacian of electron density [V2p(r.)] and
total energy density (H) are included in Table 2. Since the p(r.) val-
ues correspond to the strength of interaction, a lower value implies
a weaker bonding. In the previous section we have highlighted the
importance of C;—C, unsaturation (along with other key delocal-
izations), contributing to the C,—Cs bond elongation. Thus, com-
parison of p(r.) values for the C,—C; bonds with the corresponding
values for the saturated analogues are carried out.” The p(r.)
values are consistently found to be lower for the cycloadduct (1
through 19) compared to the saturated bicyclic compound (Table
S3 in the ESIT), underscoring the presence of a weaker C,—C; (and
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Table 2 Summary of natural bond orbital (NBO) and atoms in molecule (AIM) analyses performed with wave functions generated at the B3LYP/6-
311+G**//B3LYP/6-31G* level of theory

NBO* AIM?®

E® /kcal mol™!

Substituents o(C7-X) — o*(C1-C5) AE/au 6*(C,—Cs5) occupancy pr.)/ea,™ V3(r.)/eay H/ea,™

—SiMe; (1) 1.72 0.80 0.03582 0.2144 0.1008 —3.135
-GeH; (2) 1.83 0.83 0.03547 0.2152 0.1018 —3.141
-BH, (3) 1.62 0.88 0.03368 0.2170 0.1041 —2.734
-PH, (4) 1.72 0.84 0.03348 0.2160 0.1028 —2.879
—CMe; (5) 0.74 0.91 0.03080 0.2159 0.1027 —3.087
—CHO (6) 1.03 0.96 0.03126 0.2175 0.1045 —2.862
-H (7) 1.81 0.82 0.03270 0.2164 0.1034 —2.631
—-C,H; (8) 1.00 0.93 0.03011 0.2171 0.1042 —2.875
-Me (9) 1.03 0.94 0.03032 0.2172 0.1044 —2.776
—-SH (10) 1.23 0.92 0.03181 0.2172 0.1042 —2.901
—COMe (11) 1.05 0.96 0.02914 0.2186 0.1058 —2.992
—-COOH (12) 1.13 0.98 0.02940 0.2190 0.1064 —3.006
-Cl (13) 1.10 0.98 0.03105 0.2172 0.1043 —2.909
-NH, (14) 0.87 1.07 0.02800 0.2189 0.1065 —2.805
-CN (15) 0.96 1.02 0.02974 0.2199 0.1075 —2.865
—OMe (16) 0.75 1.17 0.02763 0.2189 0.1068 —2.918
-NO, (17) 0.76 1.09 0.02957 0.2195 0.1071 —3.027
—-OH (18) 0.61 1.18 0.02878 0.2194 0.1069 —2.818
-F (19) 0.62 1.29 0.02871 0.2189 0.1063 —2.817

“ E® and AE are, respectively, second order perturbation energy and the energy gap between the donor and acceptor orbitals. ® p(r.), V2(r.) and H are,
respectively, the electron density, Laplacian of electron density and the total energy density at the BCP.

1.3 1.4
0 (C-Cs) = T (C5-Cy) O (Cy-Cs) = o (C7-Si)

Fig. 1 Contour plots representing important two electron stabilizing orbital interactions generated with natural bond orbitals at the
NBO/B3LYP/6-311+G**//6-31G* level.
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C,—C,) bond, in concert with the findings based on NBO analyses.
This prediction is further supported by Wiberg bond indices eval-
uated for the cycloadducts as well as the corresponding saturated
bicyclic compounds (Table S3 in the ESIt). The calculated positive
values for V?p(r.) indicate a locally depleted electron density
between C, and C;s, characteristic of an ionic interaction. However,
the total energy densities (H) are found to be uniformly negative,
indicating a covalent interaction operating in the ground state. It
has earlier been suggested that total energy density, H at the BCPis
a better descriptor than V?p(r,) towards understanding the nature
of bonding interactions.* Inspection of p(r.) values for the C,—C;
bonds for systems 1 to 19, shows reasonable variations, depending
on the nature of the antiperiplanar C;-substituents. The degree
of sensitivity of p(r.) values to the nature of the C,-substituents
could mean that the extent of ground state geometric distortion,
particularly in the form of C,—C; (and C,—C;) bond elongation,
would contribute towards the energetic cost for carrying out rDA
reactions. This is indeed found to be the case as revealed by good
linear correlation between the free energies of activation and p(r.)
values computed for C,—C; bonds (Fig. 2).’' For substrates that
undergo a more facile rDA reaction, the p(r.) values were found to
be lower. In general, the lower the p(r.) values for the incipient bond
(reaction coordinate in the present case) the lower the activation
barrier.*

Activation energy AGT in keal mol'1

T T T T T T T
0.214 0215 0.216 0.217 0.218 0.219 0.220
Electron density p(r¢) at BCP of C{-Cg

Fig.2 Correlation between Gibbs free energies of activation (kcal mol™")
and electron density p(r.) at bond critical points for 1 to 19 at the
B3LYP/6-311+G**//B3LYP/6-31G* level.

After having carefully analyzed the electronic structure details
of the ground state cycloadduct, we turned our attention to the
dependence of activation energy for the rDA reaction on the
nature of the C; substituent. The computed values for activation
energy for a diverse set of substituted cycloadducts are included
in Table 3. The lowest value for Gibbs free energy of activation
for the cylcoreversion reaction is predicted to be for the —
SiMe; substituted system (1), which amounts to 22.5 kcal mol™!.
Interestingly, the computed values obtained for adducts 1 and
7 are found to be in reasonable agreement with the available
experimental reports. Experimental values of activation barrier for
rDA reaction of 1 and 7 are, respectively, 24.8 & 1 kcal mol~! and
29 4 1.5 kcal mol~'." Substituents such as —Si(Me);, -CHO, -PH,,
-BH, and —~GeH;, are also predicted to be effective in lowering
the activation barrier compared to that with the unsubstituted
system (X = H). Substituents such as nitro (17), hydroxyl (18)

Table 3 Energetics of retro Diels—Alder reaction of C; substituted
cycloadducts at the B3LYP/6-311+G**//B3LYP/6-31G* level of theory

Substituents AE? AH AGT o5 AH o AGos

—SiMe; (1) 22.53 20.59 20.28 —0.11 —15.36
~GeH; (2) 23.37 21.35 21.19 0.47 —13.60
-BH, (3) 24.83 23.25 23.41 3.66 —10.62
-PH, (4) 25.84 23.82 23.58 3.90 —10.34
—CMe; (5) 26.74 24.59 23.77 3.58 —11.40
—CHO (6) 26.90 24.78 24.40 4.97 —9.55
-H (7) 27.50 25.28 24.69 6.84 —7.77
~C,H; (8) 28.26 26.20 25.62 9.19 —4.79
~Me (9) 28.52 26.47 25.84 7.10 —7.64
—SH (10) 29.00 26.92 26.15 8.13 —6.77
—~COMe (11) 29.63 27.51 26.59 5.75 -9.03
—~COOH (12) 30.44 28.30 27.53 7.74 —7.14
-C1(13) 30.28 28.17 27.41 8.91 —5.89
-NH, (14) 31.36 29.25 28.57 12.51 —2.39
-CN (15) 31.55 29.41 28.76 8.18 —6.55
~OMe (16) 32.37 30.08 29.42 11.45 -3.24
-NO, (17) 32.60 30.36 29.65 9.56 —5.41
-OH (18) 32.85 30.70 29.98 13.88 —1.08
-F (19) 32.80 30.67 29.98 12.10 —2.62

and fluoro (19) increases the activation barrier quite effectively.
It is interesting to note that the ability of the o(C,—X) bond to
serve as a donor orbital is critical to the rate enhancement rather
than the nature of the substituents. For instance, substituents such
as —NH, and -OMe can, in principle, act as electron donating
groups, but are found to be not very effective in promoting the rDA
reaction in the present case. A large number of such substituents
are found to raise the activation barrier higher than 30 kcal mol~'.
Higher predicted activation energies imply that either prolonged
heating or elevated temperature might be required to realize rDA
reaction in such systems. Such generalizations could undoubtedly
be valuable while resorting to experiments involving cycloreversion
reactions.

As pointed out in the earlier sections, the occupancy of ¢*(C,—
C;) [and C,—C,] is sensitive to the nature of the C,-substituent.
We have noticed a fairly good correlation between the occupancy
of the o* orbital of the incipient bond and the free energy of
activation of rDA reaction as depicted in Fig. 3(i). It is evidently
clear from the plot that higher the occupancy of o*(C,~Cs), the
lower the activation barrier. Thus, by examining the population of
the antibonding orbital and degree of geometric distortion, such
as bond elongation at the ground state, approximate estimates
of the activation barrier can be obtained, without resorting to a
full-fledged transition state search. The trends established in the
present context can, perhaps, serve as a valuable generalization
that could have wider implications on variety of rDA reactions.
Further, the geometry of ground state cycloadduct will reflect
the extent of delocalization and accompanying bond length
variations, particularly the C,—Cs bond. Excellent correlation
obtained between free energy of activation and C,—C; bond
length [Fig. 3(ii)] unequivocally establishes the importance of
substituent-dependant ground state geometry changes on the
reaction energetics of cycloreversion reactions.

Inspection of computed heats of the rDA reaction, (AH ) at
the B3LYP/6-311+G**//B3LYP/6-31G* level of theory conveys
that the reaction is only slightly endothermic. Another factor
relates to the entropic advantage accompanying the rDA reaction
resulting in an overall exergonic transformation. Computed free
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Fig. 3 Correlation between computed activation barrier (kcal mol~') and (i) bond length (3-1) (ii) occupancies of the C,—Cs bond (3-2).

energy changes for systems bearing C, substituents indicate that
substituents that reduce the barrier to the rDA reaction (1 to 6,
Table 3) compared to the unsubstituted system (7, when X =
H) tend to be more exergonic while those that increase the barrier
(9 to 19) are found to be less exergonic in nature. Starting from
the transition state geometry, we have used a 10% displaced
structure along the reaction coordinate (based on the imaginary
vibrational frequency) so as to walk down from the transition state
geometry by reoptimizing with stringent ‘calcfc’ option. It has
also been noticed that the reactants (substituted cyclopentadiene
and p-benzoquinone) tend to form a weakly interacting ‘pre-
reacting complex’ near the exit channel. The heats of reactions are
computed based on this stationary point on respective potential
energy surfaces.

It can be anticipated that an elongated C,—Cs; bond at the
ground state will facilitate easier access to the transition state
for the rDA reaction due to increased geometric similarity. In
other words, if the ground state geometric distortion is along
the reaction coordinate, the activation barrier is expected to be
lower. White et al. have reported a similar analysis, in which
they noticed a good correlation between the degree of bond
lengthening and propensity towards cycloreversion reaction on
a number of [2.2.2]-bicyclo systems.**** Structural features at the
transition states show additional significance in the context of the
present discussion. Complete lists of geometrical parameters for
the transition state structures are provided in Table 4. We intend
to convey the importance of ground state structural distortions
by taking representative examples. Optimized geometries of the
transition state for the rDA reaction for selected cylcoadducts 1,7
and 19 are provided in Fig. 4. The C,—C; distance in cycloadduct
(1) and the transition state (1) is 1.587 and 2.151 A, respectively,
a difference of only about 0.564 A. Examination of geometry
of the transition state for fluoro system (19%) reveals that C,—C;
bond distance is as high as 2.252, compared to 1.577 A for 19,
indicating a loosely bound transition state bearing little structural
similarity with the parent cycloadduct. Comparison of C,—C;
distances in the ground state and the corresponding transition state
for the entire series (Table 1 and 4) of substituted cylcoadducts is
useful in proposing interesting generalizations. It can be noticed

Table 4 Key structural parameters obtained at the B3LYP/6-31G* level
for the transition state for rDA reaction of cycloadduct formed between
substituted cyclopentadiene and p-benzoquinone®

Substituents C,—C;s C—X C-C, C—C, Cs—Cs
—-SiMe;(1) 2.151 1.944 1.419 1.387 1.420
-GeH; (2) 2.162 1.984 1.418 1.389 1.408
-BH, (3) 2.170 1.584 1.419 1.386 1.418
—PH, (4) 2.177 1.917 1.410 1.393 1.414
—CMe; (5) 2.192 1.582 1.405 1.398 1.413
—CHO (6) 2.185 1.542 1.411 1.396 1.412
-H (7) 2.200 1.103 1.405 1.399 1.410
-C,H; (8) 2.198 1.555 1.405 1.400 1.410
-Me (9) 2.202 1.549 1.404 1.401 1.410
—SH (10) 2.212 1.865 1.403 1.403 1.411
—COMe (11) 2.183 1.559 1.406 1.399 1.411
—COOH (12) 2.218 1.525 1.403 1.401 1.410
-Cl1(13) 2.230 1.845 1.398 1.406 1.409
-NH, (14) 2.227 1.474 1.397 1.409 1.406
—CN (15) 2222 1.474 1.397 1.409 1.406
—OMe (16) 2.239 1.546 1.399 1.406 1.408
-NO, (17) 2.249 1.525 1.393 1.411 1.404
—OH (18) 2.245 1.426 1.394 1.415 1.404
-F (19) 2.252 1.400 1.391 1.415 1.403

“ Atoms numbers are same as in Scheme 1.

that smaller the differences in C,—C; bond distances between
cycloadducts and transition states, the lower the activation barrier.
This observation is in perfect concurrence with the Hammond
postulate and underscores the importance of ground state bond
elongation in rDA reactions.

We have tried to establish that substituents which tend to
promote the rDA reaction (by lowering the activation barrier)
offer significant modulation of the ground state structural features
of the molecule. Ground state bond elongation in the present
systems gets translated in the form of a lower activation barrier
and tighter binding between the departing fragments. In order to
gain additional insights on how tightly held are the diene and the
dienophile at the transition state, we have decided to examine the
topological features with the help of electron density at (3, —1)
bond critical points using the AIM method. As anticipated, the
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Fig. 4 Gibbs free energy profile of the rDA reaction for 1 (X
= — SiMe;), 7 X = H) and 19 (X = F) computed at the
B3LYP/6-311+G**//B3LYP/6-31G* level.

computed p(r.) values for the C,—C; bond for the transition states
are found to be generally much lower than the corresponding
cycloadducts. The highest and lowest p(r.) values are predicted
for 1 and 197, respectively. Moreover, the p(r.) values are found
to decrease quite steadily from 1 to 19, indicating rather weakly-
bound transition states for the rDA reaction where the activation
barrier is higher [computed p(r.) values are provided in the
ESIf, Table S4]. Uniformly negative values for the total energy
densities (H) between C,—C; at the transition state, across range
of substituted cycloadducts (17 through 197), indicate the covalent
nature of the transition states in these reactions.

Conclusion

The density functional theory studies on the reaction profile
for an important class of retro Diels—Alder reactions involving
cycloadducts formed between substituted cyclopentadiene and
p-benzoquinone revealed the importance of ground state bond
elongation on the reaction profile. The nature of the substituents
present on the methano bridge is found to be crucial to bond
elongation as revealed by o(C,—X) to 6*(C,—C5) [and o*(C,—Cy)]
orbital delocalizations. Substituents such as —SiMe; are found
to be effective in lowering the activation barrier by significantly
populating the C,—Cs antibonding orbital at the ground state
cycloadduct. A fairly good correlation between (i) occupancy of
6*(C,—Cs) [and 6*(C,—C¢)] and (ii) C,—C; bond elongation with the
activation barrier evidently establishes the importance of ground
state geometric distortion (resulting from two-electron stabilizing
interactions) on the cycloreversion reactions. Topological analyses
of electron density at the C,—Cs bond critical point p(r.) exhibited
a linear correlation with the free energies of activation. For
substrates that undergo relatively facile rDA reaction, the p(r.)
values are found to be lower.
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A highly strained non-luminescent dibenzo-acridinium
cationic compound is identified that undergoes in acetonitrile
light-induced ring closure to create a highly fluorescent,
planar, eight-ringed cationic anti-aromatic dye.

Interest in photochromic (PC) molecules that alter their colour
upon exposure to light has increased in recent years as new
applications have arisen in technological areas such as molecular
logic gates,' field effect transistors® and bitwise volumetric data
storage.® All these technologies rely on the fact that light activation
of the PC species, at a specific wavelength, creates a molecular
entity that reverts back to the original form using light of different
frequency.* However, in general the reverse reaction is also possible
thermally. This can be problematic if data need to be stored
for long periods without degradation of information. Thermally
irreversible PC molecules upon light activation create a new entity
that not only displays dissimilar photochemical properties to the
starting material but cannot revert back.’ We have been interested
not only in identifying suitable new irreversible PC molecules,
but ones which also display very high fluorescent quantum
yields and/or alter their redox properties. Such molecules have
been identified as candidates for multilayer recording of data.?
During our investigation into highly strained acridinium-based
donor-acceptor dyads® the cation, Ph-ROAcr*, was prepared.
Interestingly, this non-emissive compound upon illumination
with white light, ring closes to generate the highly fluorescent
cation, Ph-RCAcr*. The modification is also accompanied by a
considerable alteration in reduction potential.

The synthetic proceduret used to prepare Ph-ROAcr* was
adapted from work previously reported by Dilthey et al.” Sim-
ple refluxing of N-phenyl-2-naphthylamine, benzaldehye and 2-
naphthol in glacial acetic acid produced, after recrystallisation, the
condensation product 1 in an unoptimised 22% yield. Oxidation of
this derivative to the carbinol 2 with MnO, had to be performed in
the dark as the product was light-sensitive. Yields of the carbinol
varied (20-68%) and is attributed to unwanted photodegradation.
Aromatisation to generate the desired cation was carried out by
HCI acidification of 2, followed by conversion of the chloride
salt to the hexafluorophosphate derivative. Recrystallisation of
the material from CH;CN-Et,0 (1 : 4) afforded golden yellow
needles. The product when stored in the dark showed no signs

Molecular Photonics Laboratory, School of Natural Sciences ( Chemistry),
Bedson Building, Newcastle University, Newcastle upon Tyne, UK NEI
7RU. E-mail: a.c.benniston@ncl.ac.uk; Fax: (0191) 222 5706, Tel: (0191)
2226929

T Electronic supplementary information (ESI) available: experimental
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of degradation, but solid samples left exposed to ambient light
gradually turned red. Dilthey et al. attributed this red product to
the ring-closed form in which the 14-phenyl is fused to one side
only of the benzo group (Scheme 1). We found, however, that the
red solid obtained is in fact the fully closed form, Ph-RCAcr*. This
identification was based on a 500 MHz 'H NMR spectrum that
supported a compound with only 18 protons and a high level of
symmetry. The electrospray mass spectrum also revealed a cluster
of peaks at m/z = 428.3 which matches that of the [M — PF]*
ion.
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Scheme 1  Outline of the methods used in the preparation of the cation
Ph-ROAcr* and the ring-closed form Ph-RCAcr*. NB: the incorrectly
identified ring-closed product is also shown.

To collect detailed structural information on ring closure,
300 MHz 'H NMR spectra were monitored following illumination
of a sample of Ph-ROAcr* in air-equilibrated and N,-purged P,0s-
dried CD;CN at 25 °C. Illustrated in Fig. 1 are a selection of 'H
NMR spectra collected during the course of the reaction for the
N,-purged sample. Within the first hour of irradiation four new
clear doublets are visible downfield from the rest of the aromatic
signals. As well as these series of new signals, clear doublet (6 =
6.74) and singlet (0 = 6.85) signals are visible. During irradiation
these signals grow and three apparent triplets emerge at ¢ 7.0,
7.18 and 7.32, respectively. The spectrum in the region d = 7.5-8.0
also simplifies as resonances for the starting material disappear.
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Fig.1 Selected 300 MHz '"H NMR spectra for Ph-ROAcr* in N,-purged
CD;CN following irradiation at time differences 7 =0 (A), # =1 h (B) and

t = 13 h (C). Arrows in panel (B) mark new resonances. In panel (C), A
represent final product and @ represent intermediate product.

After a substantial irradiation time (Fig. 1C), signals associated
with the final product are visible, and the other signals clearly
diminish. The final spectrum at the end of the irradiation is
identical to that recorded for a purified sample of Ph-RCAcr*.
Matching irradiation experiments carried out in air-equilibrated
CD;CN (see the ESIT) did not show identical build up and loss
of resonances marked with dark circles (Fig. 1C). Instead, as well
as resonances for the final product only very minor signals were
observed in the 6 6.5-7.0 ppm region; these disappered after ca.
1 h.

Further elucidation of the ring closure processes within Ph-
ROAcr* were obtained by UV-visible spectroscopy. A solution of
Ph-ROAcr* in acetonitrile at 25 °C was illuminated with white light
(Zmax > 300 nm) for fixed time periods and the resultant spectra
recorded. Samples were irradiated following substantial purging
with either nitrogen, oxygen or air-equilibration. Illustrated in
Fig. 2 is a typical set of spectra obtained during an irradiation
experiment in air-equilibrated acetonitrile. The absorption band
associated with Ph-ROAcr* (445 nm) gradually diminished and
a new absorption band grew at 505 nm, which is characteristic

0.20

0.15

0.10+%

Asborbance

0.05

0.00

T T — -
400 450 500 550

Wavelength/ nm

300 350
Fig. 2 Alterations in absorption spectra for Ph-ROAcr* in dry
air-equilibrated acetonitrile following irradiation with white light.

of Ph-RCAcr*. Close inspection of the overlayed spectra revealed
there are no clean isosbestic points, which suggests conversion of
Ph-ROAcr* to Ph-RCAcr* proceeds via at least one intermediate.
Rather surprisingly, the ring closure carried out in N,-purged
acetontrile proceeded just as well as the O,-containing solutions.
Moreover, the cyclisation reaction proceeded faster when carried
out in N,-purged acetonitrile solution containing a few drops of
distilled water. This finding seems to suggest that during ring
closure a H-atom abstraction process is required.

The basic absorption spectrum for Ph-ROAecr* in acetonitrile is
dominated by three major intense bands located at 446 (log ¢ =
4.39), 421 (log ¢ = 4.24) and 310 nm (log ¢ = 4.65), respectively.
In contrast, the absorption spectrum of Ph-RCAer* is rich and
contains a number of bands, the most prominant being at 505 (log
& =4.29) and 328 nm (log ¢ = 4.47). Extremely weak fluorescence
from Ph-ROAcr* is observed in acetonitrile solution at 25 °C,
though dependence of the band shape on the excitation wavelength
strongly supports this is an artifact caused by minute traces of an
impurity. By contrast, fluorescence from Ph-RCAcr* in N,-purged
acetonitrile solution was readily observed centred at 530 nm,
the band shape being insensitive to excitation wavelength. The
excitation and absorption spectra were in good agreement (ESIt),
and the small Stokes’ shift (SS) of 934 cm™' indicates a modest
change in structure after relaxation from the initially produced
Franck—Condon state. Considering the rigidity of the cation this
is not too surprising since only the N-phenyl group is free to rotate
in fluid solution. The radiative lifetime (z,) calculated using the
Strickler—Berg® expression is 9.8 ns, whereas the measured lifetime
(t,) is 7 ns. Hence, the corresponding quantum yield of fluorescene
(z,/7.) for Ph-RCAcr* is a respectable 0.71.

The redox chemistry of acridinium-based compounds is gen-
erally well understood.® Lacking any subsitituent in the 10-
position the reductive electrochemistry of, for example, the
9-methylacridinium cation is irreversible because of chemical
breakdown of the generated radical.' In contrast, the reductive
electrochemistry of 10-phenyl-9-methylacridinium is well behaved
consisting of a reversible reduction wave at —0.55 vs. SCE." In
view of these previous findings, cyclic voltammograms for Ph-
ROAcr* were obtained in dry CH;CN. Upon oxidative scanning
an irreversible wave is observed just around the solvent cut-
off at ca. +2.4 V vs. SCE. The reduction portion of the cyclic
voltammogram is dominated by a reversible one-electron wave at

This journal is © The Royal Society of Chemistry 2006
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E, = —0.50 V (65 mV) vs. SCE, an irreversible one-electron wave
at £, = —1.03 V vs. SCE and an irreversible two-clectron wave
at E; = —2.36 V vs. SCE. The similarity of E, to that of the first
reduction potential for the 10-methyl-9-methylacridinium cation
supports one-electron addition to the central acridinium ring to
create the neutral radical. Further addition of an electron to create
the anion presumably breaks conjugation throughout the molecule
to produce two isolated naphthalene units that are simultaneously
reduced. Cyclic voltammograms collected following steady-state
visible light illumination of an air-saturated solution of Ph-
ROAcr*, followed by N,-purging, were very different and are as-
signed to Ph-RCAcr*. The cyclic voltammogram in the oxidatative
portion is more resolved and contains a main irreversible wave at
2.1 V vs. SCE that supports a slight shoulder at ca. 1.75 V vs.
SCE. Thus, ring closure makes it easier to remove an electron
from the conjugated m-system as expected because of lowering
of the HOMO orbital energy. In contrast, the reductive segment
of the cyclic voltammogram contains only two main waves. The
first is a quasi-reversible wave situated at —0.81 V (140 mV) vs.
SCE, with a second quasi-reversible wave at —1.5 V (80 mV)
vs. SCE. Identical electrochemical behaviour was observed for
a synthesised and purified sample of Ph-RCAcr*. In light of the
electrochemical investigations it can be concluded that Ph-ROAcr*
is a better one-electron acceptor than Ph-RCAcr* by ca. 300 mV.

These preliminary results support the basic tenet that light-
induced ring closure in a highly-strained acridinium cation
effectively modulates its luminscent and redox properties. That
the ring opening reaction appears irreversible means that any
‘information’ written into the molecule is permanently stored,
and in addition can be read out by two different means, i.e.
electrochemically or photochemically. Furthermore, the work also
throws up some interesting basic questions regarding the actual
ring closure process and the subsequent mechanism. For example,
why is no apparent oxidant required to complete the ring closure

reaction?? Follow-up experiments are currently underway to
obtain a comprehensible picture of the pericyclic reaction.
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Efficient and direct synthesis of poly-substituted indeno[1,2-b]quinolines
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Reactions of aldehydes, 1,3-indanedione and enaminones were successfully carried out using p-toluene
sulfonic acid (p-TsOH) as a catalyst and high-temperature water as a solvent under microwave
irradiation. This method provided several advantages such as rapid reaction times, high yields, and a
simple workup procedure. In addition, a possible mechanism to account for the reaction was proposed.

Introduction

The similar polarity of classic organic solvents and high-
temperature water has aroused much interest in the investigation of
organic transformations in aqueous media.! In addition to being a
safe, readily available and environmentally friendly solvent,? water
has also been recognized as an effective reaction medium with
unique properties and possibilities for many organic reactions.’?
Simultaneously, high density microwave irradiation has matured
into a reliable and useful methodology for accelerating small-
scale reactions.* Thus, it has become clear that the combined
approach of microwave superheating, homogeneous catalysis, and
an aqueous medium offers a nearly synergistic strategy in the sense
that the combination in itself offers greater potential than the three
parts in isolation.’

In modern drug discovery a number of solutions to increase
the output of unique chemical entities have been presented, e.g.,
combinatorial synthesis, parallel synthesis, and automated library
production.® Even though many of these small-scale techniques
are productive, they generate significant quantities of chemical
waste.” Overall, the development of new methods with reduced
environmental impact is of increasing importance. The use of water
as a nontoxic reaction medium, together with the employment of
energy-efficient microwave heating?® and catalytic methods, must be
considered to be both promising and enabling green alternatives.

Indenoquinoline derivatives are important heterocyclic com-
pounds, which exhibit a diverse range of biological properties
such as 5-HT-receptor binding activity’ and anti-inflammatory
activity.” They also act as antitumor agents,'" steroid reductase
inhibitors,' acetylcholinesterase inhibitors,"® antimalarials and
new potential topo I/II inhibitors.”® Therefore, the synthesis of
this type of compounds has attracted considerable attention.'® In
our previous communication,'” we accomplished the construction
of the indeno[1,2-b]quinoline scaffold in HOAc with aryl groups
being introduced to the nitrogen atom in indeno[1,2-b]quinoline.

Department of Chemistry, Xuzhou Normal University, Key Laboratory of

Biotechnology for Medicinal Plants, Xuzhou, Jiangsu, 211116, P. R. China.
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T Electronic supplementary information (ESI) available: Characterization
data for compounds 4a—t and 4x—z. See DOI: 10.1039/b611462h

To our delight, we found that this reaction can be successfully
carried out in aqueous media, and a series of enaminones derived
from various amines such as cyclopropanamine, methylamine,
aminoacetic acid, and aromatic amines can take part in this
reaction.

p-Toluene sulfonic acid (p-TsOH), an easily available and cheap
reagent has been used as an acidic catalyst in the synthesis
of a variety of heterocyclic compounds.”® However, the use p-
TsOH as a catalyst in aqueous media for the synthesis of poly-
substituted indeno[1,2-b]quinolines and their derivatives has not
been reported. In this paper, we wish to report a general and highly
efficient synthesis of poly-substituted indeno[l,2-b]quinolines,
using p-TsOH as a catalyst, from various enaminones under
microwave irradiation. This is an efficient synthesis in aqueous
media, which not only preserves the simplicity of the reaction
but also consistently gives the corresponding products in good to
excellent yields (Scheme 1).

o rcHo o R O
1 H,0 p-TsOH
+ R2 — RZ
R{HN MW
1 RZ N R
o} l 2
2 3 R, 4

Scheme 1 Synthetic route to indeno[1,2-b]quinoline derivatives.

Result and discussion

3-(Cyclopropylamino)-5,5-dimethylcyclohex-2-enone 3a has been
used as the starting material to synthesize poly-substituted
indeno[1,2-b]quinolines. We therefore first chose 3a and
searched for the optimized conditions for its reaction with p-
chlorobenzaldehyde 1a and 1,3-indanedione 2 affording poly-
substituted indeno[1,2-b]quinolines under microwave conditions
(microwave oven Emrys™ Creator from Personal Chemistry,
Uppsala, Sweden) (Scheme 2).

Different acidic catalysts were examined first. The results of
these comparative experiments are summarized in Table 1. From
the results it is obvious that p-TsOH (entry 1) demonstrates
superior catalytic activity and is the best catalyst among those
examined. In order to further evaluate the influence of p-TsOH
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Scheme 2 Optimization of the catalyst in the synthesis of compound 4a.

Table 1 Optimization of the catalyst in the synthesis of compound 4a in
water at 150 °C under microwave irradiation

Entry Catalyst Time/min Yield (%)
1 p-TsOH 3 93
2 L-Proline 3 76
3 Silica sulfuric acid 3 68
4 KH,PO, 3 79
5 KHSO, 3 81
6 HCI 3 56
7 H,SO, 3 49
8 H;PO, 3 72

concentration, this reaction was carried out using different
amounts of p-TsOH under microwave irradiation. The results are
listed in Table 2.

From Table 2 it can be seen that the reaction proceeded in the
presence of 0.1 equivalents of p-TsOH to give the product 4a in
79% yield under microwave irradiation at 150 °C after 3 minutes
of reaction (entry 1). Increasing the amount of catalyst to 0.3, 0.6,
0.8 and 0.9 equivalents successively resulted in the increasing of
the yield to 84%, 89%, 90% and 91%, respectively. Use of just 1.0
equivalent under microwave irradiation was sufficient to reach the

Table2 Optimization of the amount of p-TsOH in the synthesis of
compound 4a at 150 °C under microwave irradiation

Entry p-TsOH/eq. Time/min Yield (%)
1 0.1 3 79
2 0.3 3 84
3 0.6 3 89
4 0.8 3 90
5 0.9 3 91
6 1.0 3 93
7 1.2 3 91
8 1.4 3 92

highest yield (entry 6). Further increases in the amount of catalyst
did not improve the yield (entries 7-8).

We therefore selected 1.0 equivalent of p-TsOH as the catalyst
for further study. At the beginning of the search for the aldehyde
substrate scope, enaminone 3a and 1,3-indanedione were used as
model substrates (Table 3, entries 1-4), and the results indicated
that aromatic aldehydes bearing either electron donating or elec-
tron withdrawing functional groups such as nitro, chloro, hydroxy,
or methoxy were able to effect the synthesis of compounds 4. We
also observed delicate electronic effects: that is, aryl aldehydes
with electron-withdrawing groups (Table 3, entries 1-2) reacted
rapidly, while substitution of electron-rich groups (Table 3, entry
3) on the benzene ring decreased the reactivity, requiring longer
reaction times.

To expand the scope of enaminone substrates, we used different
aldehydes and 1,3-indanedione as model substrates and examined
various enaminones including 3b, 3¢, 3d, 3e and 3f. In all these
cases, the reactions proceeded smoothly to give the corresponding
indeno[1,2-b]quinoline-9,11(6 H,10H)-diones in good yields of
86-94%. Moreover, the heterocyclic aldehydes such as thiophene-
2-carbaldehyde (Table 3, entries 8, 19 and 23), and aliphatic
aldehydes such as 2-phenylacetaldehyde (Table 3, entry 20) still

Table 3 The synthesis of compounds 4 using p-TsOH as catalyst in aqueous media under microwave irradiation

Entry R 3 R, R, 4 Time/min Yield (%)* Mp/°C
1 4-CIC¢H, (1a) 3a Cyclopropyl CH; 4a 3 93 295-297
2 4-NO,C4H, (1b) 3a Cyclopropyl CH, 4b 2 94 268-270
3 4-CH;0CH, (1¢) 3a Cyclopropyl CH; 4c 5 89 220-222
4 4-OH-3-NO,C¢H; (1d) 3a Cyclopropyl CH, 4d 3 93 245-247
5 C¢H; (1e) 3b CH,COOH CH, 4e 6 89 257-259
6 4-FC4H, (1f) 3b CH,COOH CH; 4f 4 92 239-240
7 4-OH-3-NO,-C4H; (1d) 3b CH,COOH CH, 4g 3 93 248-250
8 2-Thienyl (1g) 3c CH, CH, 4h 5 87 232-234
9 4-CH;0C¢H, (1¢) 3c CH; CH, 4i 5 90 230-233
10 4-BrC¢H, (1h) 3c CH, CH, 4j 3 92 228-230
11 3,4-OCH,0C¢H; (1i) 3d H CH, 4k 5 89 282-284
12 4-BrC,H, (1h) 3d H CH, 41 4 94 >300
13 3,4,5-(CH;0);C¢H, (1j) 3d H CH, 4m 6 89 276-278
14 4-(Benzo[d]oxazol-2yl)C.H, (1k) 3d H CH; 4n 4 90 295-297
15 4-OH-3-CH,0C¢H; (11) 3d H CH, 40 7 87 274-276
16 4-CH,;C4H, (1m) 3e, 4-CH,C4H, CH, 4p 5 88 283-285"7
17 4-BrC4H, (1h) 3e, 4-CH,C.H, CH; 4q 3 92 255-256"
18 3,4-(CH;0),C4H; (1n) 3e, 4-CH,C,H, H 4r 5 89 257-259"
19 2-Thienyl (1g) 3e, 4-CH,C4H, H 4s 6 86 267-269
20 C¢H;CH, (10) 3f; CsHs CH, 4t 7 89 207-209
21 4-CH,;0C¢H, (1¢) 3f, CsH; CH, 4x 6 91 250-251"
22 4-CIC4H, (1a) 3f, C¢H; H 4y 3 94 236-237"7
23 2-Thienyl (1g) 3f; CsHs CH, 4z 6 87 230-232"
“Isolated yields.
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Table 4 The synthesis of some of compounds 4 in water at 150 °C using
conventional heating

Entry Product Time/h Yield (%)
1 4a 2 84
2 4b 2 87
3 4c 2 81
4 4e 2 79
5 a4f 2 85
6 4j 2 86
7 4k 2 75
8 4q 2 82
9 4y 2 78

displayed high reactivity and a clean reaction under these standard
conditions. It is important to note that this protocol could be
applied not only to alicyclic amines (Table 3, entries 1-4), but
also to aminoacetic acid (Table 3, entries 5-7), aliphatic amines
(Table 3, entries 8-15) and aromatic amines (Table 3, entries
16-23).

Additionally, we performed the reactions for synthesizing some
of compounds 4 under classical heating conditions using p-TsOH
as a catalyst in high-temperature water. A comparison of the
results for the nine compounds listed in Table 3 and Table 4
indicated that the reaction was efficiently promoted by microwave
irradiation, and the reaction times were strikingly shortened to 2—
6 min from the 2 h required under traditional heating conditions,
and the yields were increased obviously too.

The structures of all the synthesized compounds were based
on their spectroscopic data. The structures of 4b and 4z were
established by X-ray crystallographic analysis (Figs. 1 and 2,
respectively).” The IR spectrum of compound 4b showed strong
absorptions at 1684 cm™ and 1645 cm™' due to the C=0 group.
The "H NMR spectrum of 4b showed a triplet at 6 3.58 due to
the NCH proton and a singlet at 6 4.76 due to the CH proton.
It is particularly noteworthy that when R, was an aryl group, a
doublet appeared in the 4.91-5.27 ppm region (see 'H NMR data),
which belonged to the aromatic protons in compounds 4p—z. This
unusually upfield absorption could be explained according to the
X-ray diffraction analysis result of 4z. In the crystal structure of

Fig. 1 The molecular structure of 4b.

4z (Fig. 2), the distance between the proton at C, and the benzene
ring (C,; to C,,) was 2.53 A, indicating that it was strongly shielded
by the benzene ring (C,; to Cy,).""

The formation of 4 is likely to proceed via initial condensation
of aldehydes 1 with 1,3-indanedione 2 to afford 2-arylideneindene-
1,3-dione 5, which further undergoes in situ Michael addition
reaction with enaminones 3 to yield products 4 (Scheme 3). In
order to support the proposed mechanism, the compound 5h was
prepared independently from p-bromobenzaldehyde 1h and 1,3-
indanedione 2 and then employed in a two component reaction
with enaminone 3d to afford product 41 in 92% yield. However,
p-bromobenzaldehyde 1h first condensed with 3d followed by
reaction with 1,3-indanedione 2 failed to give the target compound
4. Instead, compound 6 and intermediate 5h were obtained
respectively (Scheme 4). When p-bromobenzaldehyde 1h was first

~NAD )
/ g/
$2'c54 €53

Fig. 2 The molecular structure of 4z.
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Scheme 3 The possible reaction mechanism.

condensed with 3e, followed by reaction with 1,3-indanedione 2,
the desired compound 4q was not obtained. Instead, compound 7
and unreacted 2 were isolated respectively (Scheme 5).

Conclusion

In conclusion, we have developed a microwave-assisted, three-
component condensation of aldehydes, 1,3-indanedione and
enaminones using p-toluene sulfonic acid (p-TsOH) as a catalyst
in high-temperature water, and have shown its application to the
synthesis of a number of poly-substituted indeno[1,2-b]quinolines.
This green procedure offers several advantages including opera-
tional simplicity, clean reactions, increased safety for small-scale
high-speed synthesis, and minimal environmental impact that
make it a useful and attractive process for the synthesis of these
compounds.

Experimental
General

Microwave irradiation was carried out with a microwave oven
(Emrys™ Creator from Personal Chemistry, Uppsala, Sweden).
Melting points were determined in open capillaries and were
uncorrected. IR spectra were taken on a FT-IR-Tensor 27
spectrometer in KBr pellets and reported in cm™'. '"H NMR
spectra were measured on a Bruker DPX 400 MHz spectrometer

Br
(0]
+>ij\ <not isolated) 1,3-indanedione
CHO NH,

1h 3d

in DMSO-d¢ with chemical shift (6) given in ppm relative to
TMS as internal standard. Elemental analyses were determined by
using a Perkin-Elmer 240c elemental analysis instrument. X-Ray
crystallographic analysis was performed with a Siemens SMART
CCD and a Semens P4 diffractometer.

General procedure for the syntheses of compounds 4 with
microwave irradiation

All the reactions were performed in a monomodal Emrys™
Creator from Personal Chemistry, Uppsala, Sweden. In a 10 mL
Emrys™ reaction vial, an aldehyde 1 (1 mmol), 1,3-indanedione 2
(1 mmol), an enaminone 3 (1 mmol), p-TsOH (1 mmol) and water
(1.0 mL) were mixed and then capped. The mixture was irradiated
for a given time at power of 250 W at 150 °C. Upon completion
as monitored by TLC, the reaction mixture was cooled to room
temperature. The resulting suspension was neutralized with 0.4 mL
of 10% NaOH. Then the mixture was stirred for 5 min and the solid
was collected by Biichner filtration and washed with EtOH (95%),
and subsequently dried and recrystallized from EtOH (95%) to
give the pure red product.

General procedure for the synthesis of compounds 4 with
conventional heating

A mixture containing an aldehyde 1 (I mmol), 1,3-indanedione
2 (1 mmol), an enaminone 3 (1 mmol), p-TsOH (1 mmol) and
water (1.0 mL) was introduced into a 10 mL Emrys™ reaction
vial, capped and then stirred at 150 °C (oil bath temperature) for
two hours. The subsequent work-up procedure was the same as in
the microwave irradiation reactions.

5-Cyclopropyl-7,8-dihydro-7,7-dimethyl-10-(4-nitrophenyl)-S H-
indeno|1,2-b]quinoline-9,11(6 H,10H)-dione (4b)

IR (KBr, v, cm™'): 2959, 2869, 1677, 1647, 1556, 1518, 1346, 1219,
1136, 878, 727; "H NMR (DMSO-d6) (8, ppm): 8.10 (d, 2H, ArH,
J = 8.4 Hz), 7.83 (d, 1H, ArH, J = 7.6 Hz), 7.48-7.46 (m, 2H,
ArH), 7.36 (d, 2H, ArH, J = 8.4 Hz), 7.32 (d, 1H, ArH, J =
7.6 Hz), 4.62 (s, 1H, CH), 3.60 (t, 1H, CH, J = 3.2 Hz), 3.12 (d,

Scheme 4 The investigation of a possible reaction mechanism.

Br [¢]
CHj
+ O/—> (not isolated
N
CHO H

1h 3e,

Br

NS
) 1,3-indanedione CHs
LI
N

H
7

Scheme 5 The investigation of a possible reaction mechanism.
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1H, CH,, J = 17.2 Hz), 2.75 (d, 1H, CH,, J = 17.2 Hz), 2.27 (d,
1H, CH,,J =16.0 Hz), 2.20 (d, 1H, CH,, J = 16.0 Hz), 1.32-1.26
(m, 2H, CH,), 1.05 (s, 6H, CHj;), 1.02-0.86 (m, 2H, CH,), Anal
calcd. for C,;H,,N,O,, C, 73.62; H, 5.49; N, 6.36; found C, 73.81;
H, 5.43; N, 6.51%.

2-(10-(4-Fluorophenyl)-6,7,8,9-tetrahydro-7,7-dimethyl-9,11-
dioxo-10H-indeno|[1,2-b]quinolin-5(11 H)-yl)acetic acid (4f)

IR (KBr, v, cm™): 2965, 1731, 1682, 1627, 1602, 1549, 1403, 1379,
1221, 984, 874, 740; '"H NMR (DMSO-d;) (6, ppm): 13.71 (br s,
1H, COOH), 7.44-7.41 (m, 1H, ArH), 7.36-7.30 (m, 5H, ArH),
7.05-7.00 (m, 2H, ArH), 5.09-4.98 (m, 2H, CH,), 4.80 (s, 1H,
CH), 2.86-2.85 (m, 1H, CH,), 2.40-2.35 (m, 1H, CH,), 2.24 (d,
1H, CH,, J = 16.0 Hz), 2.14 (d, 1H, CH,, J = 16.0 Hz), 1.03
(s, 3H, CH;), 0.95 (s, 3H, CH;). Anal calced. for C,sH,,FNO,, C,
72.38; H, 5.14; N, 3.25; found C, 72.51; H, 5.05; N, 3.32%.

10-(4-Bromophenyl)-7,8-dihydro-5,7,7-trimethyl-5 H-indeno|[1,2-
b]quinoline-9,11(6 H,10H)-dione (4j)

IR (KBr, v, cm™'): 2953, 2868, 1677, 1643, 1626, 1549, 1368, 1215,
1008, 871, 692; 'H NMR (DMSO-d,) (8, ppm): 7.67 (d, 1H, ArH,
J = 7.6 Hz), 7.46-7.43 (m, 1H, ArH), 7.40 (d, 2H, ArH, J =
8.4 Hz), 7.37-7.30 (m, 2H, ArH), 7.17 (d, 2H, ArH, J = 8.4 Hz),
478 (s, 1H, CH), 3.74 (s, 3H, NCH,), 2.90 (d, 1H, CH,, J =
17.2 Hz), 2.55(d, 1H, CH., J = 17.2 Hz), 2.22-2.14 (m, 2H, CH,),
1.06 (s, 3H, CH,), 1.00 (s, 3H, CH,). Anal calcd. for Cy;sH,, BrNO,,
C, 66.97; H, 4.95; N, 3.12; found C, 67.11; H, 4.87; N, 3.20%.

7,8-Dihydro-10-(thiophen-2-yl)-5-p-tolyl-5 H-indeno[1,2-
b]quinoline-9,11(6 H,10H)-dione (4s)

IR (KBr, v, cm™): 3059, 2943, 2923, 2866, 1678, 1643, 1588, 1510,
1395, 1177, 896, 844, 711; '"H NMR (DMSO-d,) (J, ppm): 7.59—
7.58 (m, 1H, thiophenyl-H), 7.47 (d, 2H, ArH, J = 7.6 Hz), 7.42—
7.40 (m, 1H, thiophenyl-H), 7.32-7.21 (m, 3H, ArH), 7.07-7.03
(m, 1H, thiophenyl-H), 6.91-6.89 (m, 2H, ArH), 5.27 (d, 1H, ArH,
J =17.6 Hz), 5.20 (s, 1H, CH), 2.48 (s, 3H, CH,), 2.33-2.31 (m,
3H, CH,), 2.16-2.11 (m, 1H, CH,), 1.92-1.69 (m, 2H, CH,); Anal
caled. for C,;H, NO,S, C, 76.57; H, 5.00; N, 3.31; S, 7.57; found
C, 76.40; H, 5.12; N, 3.41; S, 7.43%.

10-Benzyl-7,8-dihydro-7,7-dimethyl-5-phenyl-5 H -indeno|1,2-
blquinoline-9,11(6 H,10H)-dione (4t)

IR (KBr, v, cm™): 3026, 2960, 1686, 1637, 1587, 1398, 1101, 882,
718; 'H NMR (DMSO-d,) (3, ppm): 7.61-7.52 (m, 4H, ArH), 7.34
(d, IH, ArH, J = 6.8 Hz), 7.26-7.18 (m, 4H, ArH), 6.94 (t, 1H,
ArH, J = 7.6 Hz), 6.89 (d, 2H, ArH, J = 6.8 Hz), 6.21 (s, 1H,
ArH),4.91(d, 1H, ArH, J =7.6 Hz),4.20 (t, 1H, CH, J = 3.8 Hz),
2.87-2.78 (m, 2H, CH,), 2.28 (s, 2H, CH.), 2.16 (d, 1H, CH,, J =
17.6 Hz), 1.63 (d, 1H, CH,, J = 17.6 Hz), 0.93 (s, 3H, CH,), 0.91
(s, 3H, CH;). Anal calcd. for C;H,;NO,, C, 83.57; H, 6.11; N,
3.14; found C, 83.76; H, 6.02; N, 3.16%.

Preparation of compound Sh

The reaction was performed in a monomodal Emrys™ Creator
from Personal Chemistry, Uppsala, Sweden. In a 10 mL Emrys™
reaction vial, 4-bromobenzaldehyde 1h (2 mmol), 1,3-indanedione

2 (2 mmol) and water (1.0 mL) were mixed and then capped. The
mixture was irradiated for 2 min at 250 W power and 150 °C. Upon
completion, the reaction mixture was cooled to room temperature
and then filtered, washed with EtOH (95%), and subsequently
dried and recrystallized from EtOH (95%) to give the pure product
5h.

Substep reaction of aldehyde 1h, enaminone 3d or 3e, and
1,3-indanedione 2

The reaction was performed in a monomodal Emrys™ Cre-
ator from Personal Chemistry, Uppsala, Sweden. In a 10 mL
Emrys™ reaction vial, 4-bromobenzaldehyde 1h (1 mmol), 3-
amino-5,5-dimethylcyclohex-2-enone 3d (or 5,5-dimethyl-3-(4-
methylphenylamino)cyclohex-2-enone 3e;) (1 mmol), p-TsOH
(1 mmol) and water (1.0 mL) were mixed and then capped. The
mixture was irradiated for 2 min at a power of 250 W and 150 °C,
and then 1,3-indanedione 2 (1 mmol) was added. The mixture was
irradiated for 3 min at 250 W power and 150 °C again. Upon
completion (TLC monitoring), the reaction mixture was cooled to
room temperature. The resulting suspension was neutralized with
0.4 mL of 10% NaOH. Then the mixture was stirred for 5 min
and the solid was collected by Biichner filtration and washed with
EtOH (95%). The solid was purified by column chromatography
onssilica gel (200-300 mesh) using petroleum ether (bp 60-90 °C)—
acetone (1 : 1) as eluent to give compounds Sh, 6 and 7.

2-(4-Bromobenzylidene)-2 H-indene-1,3-dione (Sh). Mp: 176—
178 °C; IR (KBr, v, cm™): 3084, 3009, 2941, 1714, 1676, 1587,
1275, 804, 743; "H NMR (DMSO-d;) (0, ppm): 8.45 (d, 2H, ArH,
J = 8.4 Hz), 8.04-8.02 (m, 2H, ArH), 7.99-7.97 (m, 2H, ArH),
7.85 (s, 1H, CH), 7.81 (d, 2H, ArH, J = 8.4 Hz); Anal calcd. for
C,HyBrO,, C, 61.37; H, 2.90; found C, 61.52; H, 2.81%.

9-(4-Bromophenyl)-3.,4,6,7-tetrahydro-3,3,6,6-tetramethylacri-
dine-1,8Q2H,5H,9H,10H)-dione (6). Mp: >300 °C; IR (KBr,
v,em™1):3273,2931, 1644, 1579, 1427,833,753; '"HNMR (DMSO-
dg) (0, ppm): 9.35 (s, 1H, NH), 7.36 (d, 2H, ArH, J = 8.4 Hz), 7.10
(d, 2H, ArH, J = 8.4 Hz), 4.77 (s, 1H, CH), 2.46 (d, 2H, CH,, J =
17.2 Hz), 2.32 (d, 2H, CH,, J = 17.2 Hz), 2.18 (d, 2H, CH,, J =
16.0 Hz), 1.99 (d, 2H, CH,, J = 16.0 Hz), 1.01 (s, 6H, 2CH;), 0.86
(s, 6H, 2CH;); Anal. calcd. for C,;H,BrNO,, C, 64.49; H, 6.12;
N, 3.27; Found C, 64.43; H, 6.09; N, 3.33%.

9-(4-Bromophenyl) - 3,4-dihydro-3,3,7 - trimethylacridin- 1(2H,
9H ,10H)-one (7). Mp: 240-241 °C; IR (KBr, v, cm™'): 3270,
3089, 1696, 1618, 1552, 1486, 1288, 1145; '"H NMR (400 MHz,
DMSO-dy) (6, ppm): 9.42 (1H, s, NH), 7.37 2H, d, ArtH J =
8.4 Hz), 7.11 (2H, d, ArH, J = 8.4 Hz), 6.92-6.83 (3H, m, ArH),
5.02(1H,s,CH),2.48 (s,3H, CH;), 2.44 (d, I1H, CH,, J = 17.2 Hz),
2.29 (d, 1H, CH,, J = 17.2 Hz), 2.16 (d, 1H, CH,, J = 16.0 Hz),
1.94 (d, 1H, CH,, J = 16.0 Hz), 1.03 (s, 3H, CH,;), 0.93 (s, 3H,
CH,); Anal. caled. for C,;H,BrNO, C, 65.98; H, 5.27; N, 3.66;
found C, 66.06; H, 5.21; N, 3.77%.
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A direct and versatile route for the reliable synthesis of
trans-2,5-disubstituted pyrrolidines from pyroglutamic acid
is reported, which can be conducted at scale and without
chromatographic purification of key intermediates.

2,5-Disubstituted pyrrolidines are of widespread occurrence
amongst natural products and considerable importance in a
variety of contexts, and much effort has been expended on
the development of suitable synthetic methodology to access
them,? and some recent developments expand the opportunities
in that regard.*> The synthesis of these compounds by elaboration
of pyroglutamic acid 1a has been achieved using a variety of
approaches, but common difficulties have been operational com-
plexity, scalability, generality, or control of diastereoselectivity.®**
The first report of diastereoselective access to cis- and trans-
2,5-disubstituted pyrrolidines using pyroglutamate was made
by Rapoport.”® Subsequent to this, more general approaches,
based upon nucleophilic additions to N-acyliminium species, also
readily available from pyroglutamate, became available, but these
principally gave access to mixtures of diasterecomeric products,'*
although careful choice of conditions did enable high levels of
trans-diastereocontrol; organocuprates’ and the use of bicyclic
systems!® were found to be particularly useful in that regard.
Other methods of attaining high trans-selectivity involve cyclisa-
tions of suitable substrates derived from pyroglutamate,'¢° more
recently by Pd(0)-mediated coupling® and sequential lithiation of
N-Boc pyrrolidine.”? Cis-selective synthesis of 2,5-disubstituted
pyrrolidines is generally achieved by reduction of a suitable
monosubstituted system,**#%3-26 but has also been reported to
be possible by nucleophilic additions to N-acyliminium species; in
this case, the diastereoselectivity was found to critically depend
on the nature of the nitrogen protecting groups and the ring
substituents.”’

We recently reported that both cis- and frans-2,5-disubstituted
pyrrolidines were available from pyroglutamic acid 1a, by applica-
tion of an Eschenmoser sulfide contraction® to give an enamine
intermediate 1b, followed by reduction (Scheme 1); depending on
the nature of the R group, either cis- and trans-2,5-disubstituted
pyrrolidines 3a or 3b could be accessed.”** However, although an
effective sequence, this methodological approach was limited by
the difficulty of the reduction of the enamine 1b, which typically
required Adams catalyst and high pressure, and the formation of
an activated f-aminoester moiety 2 that was particularly suscep-
tible to retro-conjugate addition, leading to facile epimerisation
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1aX=0
1b X = C(CO,Et)

NaBH,CN,
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Scheme 1

at the newly introduced chiral centre. However, because of the
potential simplicity of this overall approach, and the utility of
the products, it was of interest to us to optimise this chemistry
as far as possible. The difficulties appeared to derive from the
order of the manipulations on pyroglutamic acid 1a; for maximum
effectiveness, the Eschenmoser sulfide contraction proceeds best
with (doubly activated) bromomalonates, but this in turn generates
a highly deactivated enamine product 1b that is both difficult to
reduce in the first instance, and then prone to epimerisation once
reduced.

A much more common approach to 2,5-difunctionalised pyrro-
lidines in the literature is initial partial reduction of pyrog-
lutamate to an intermediate lactol 4a, followed by displace-
ment with methanol to give aminal 4b (Scheme 2)."* Reaction
of 4b with organometallic nucleophiles yields 2,5-disubstituted
pyrrolidines, but the stereocontrol is largely dependent on the

i
0¢<;>~cozR1 — xw@*coza

R2 BOC

i—5aR'=H R2=H
iiE5bR1=Et, R2=H
5¢c R'=Et, R2= BOC

iv
- PhOZS“‘Q‘COZEt

BOC
6

4a X = OH
4b X = OMe

Scheme2 Reagents and conditions: (i) 3 equiv. EtOH, cat. H,SO,, toluene,
reflux, overnight, 94%; (ii) 1.1 equiv. Boc,0, 0.1 equiv. DMAP, 1.5 equiv.
Et;N, DCM, rt, overnight, 97%; (iii) 1 equiv. LIBEt;H, THF, —78 °C,
1 h, product not isolated; (iv) 1 equiv. PhSO,H, 3 equiv. CaCl,, DCM, rt,
overnight, 57%.
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Table 1 Reaction of sulfone 6 with organometallic reagents according to Scheme 3

R Conditions® Product 7 or 8 (yield, %) Product 9 (yield, %)
Ph- A 7a (93) 9a (34)
m-MeOCH,- A 7b (72) 9b (68)
H,C=CH- A 7c (28) —
H,C=CHCH,- C 7d (39) —
PhCH=CH- A 7e (15) —
PhC=C- A 7t (76) 9¢ (70, 68°)
MEMOCH,C=C- A 7g (68) —
TBDPSOCH,C=C- A 7h (76) 9d (45)
+-BuO,CCH,- B 8a (39) —
+-BuO,CCH(Me)- B 8b (38) —

“ Conditions A (RMgBr, ZnBr,, rt, THF); B (RZnBr, reflux, overnight); C (RMgBr, ZnCl,, rt, CH,Cl,, THF). ® Direct conversion of 6 — 7f — 8¢ without

isolation of intermediates.

nature of the nucleophile, the N-protecting group and other
ring substituents.”” An analogous reaction involving the partial
reduction of succinimides and displacement of the resulting
lactol with benzenesulfinic acid yields sulfonyl pyrrolidinones,
which undergo selective nucleophilic displacement of the sulfone
with Grignard reagents and zinc bromide.*® This method is
versatile, and applicable to a range of organometallic nucleophiles,
but since the reaction appears to proceed through an Sy1-like
mechanism, the diastereoselectivity is principally dependent on the
substrate. It therefore seemed to us that a highly diastercoselective
and general approach to 2,5-difunctionalised pyrrolidines could
be achieved by applying this strategy to the pyroglutamate
system.

Conversion of pyroglutamic acid 5a to its ester Sh, N-BOC
protection to 5¢ and reduction to the hemiaminal intermediate 4a
followed the literature protocol.”* Displacement of the hydroxyl
group with benzenesulfinic acid gave the crystalline product 6
in 57% yield (Scheme 2);*' the presence of the BOC protection
is essential for the stability of this compound. NOESY analysis
did not give correlation between H-2 and H-5, as expected for
a trans-relationship,** and this assignment was easily confirmed
by single-crystal X-ray analysis.** Significantly, this four-step
synthesis from commercially available pyroglutamic acid requires
no chromatographic purification of intermediates, the product
sulfone is readily purified by recrystallisation, and the sequence
proceeds in 52% overall yield. The reaction has been successfully
run on a thirty-gram scale.

An investigation of the displacement of the sulfone residue
was then made; we found that displacement of the phenylsulfone
residue was most readily achieved on a scale up to 1.5 mmol
using a mixture of Grignard reagentst with zinc halide salts
to give products 7a-h, or less efficiently with Reformatsky
reagents, to give aminoesters 8a,b (Table 1).3! This reaction was
entirely chemoselective for the phenylsulfonyl residue, and the
trans-2,5-disubstituted products were obtained exclusively after
chromatography. Unfortunately these were not crystalline, and
direct stereochemical assignment was therefore not possible, since
NOESY analysis was not a reliable method, as discussed above.
Removal of the BOC group from compounds 7a, 7b, 7f and 7h with
TFA readily gave products 9a—d and simultaneously permitted
stereochemical assignment. NOE analysis of 9a showed only a very
weak direct enhancement of H-2 and H-5, irradiation of H-5 gave
enhancements to all of H-4a, H-4f and H-30, and irradiation of H-
2 gave enhancements to all of H-3a, H-3p and H-4; this is consis-
tent with trans-2,5-stereochemistry, and by implication trans-2,5-
stereochemistry of the BOC-protected pyrrolidine 7a (Scheme 3).3¢
The relative stereochemistry of the compounds 7b, 7f and 7h were
assigned in a similar manner. This trans-stereochemical outcome
could be explained by initial elimination of the sulfone residue
by assistance from the adjacent ester to generate an iminium ion,
followed by subsequent nucleophilic attack which occurs anti to
the C-2 ester substituent (Scheme 3); this nicely complements the
route selective for the cis-isomer reported by Langlois.*® Evidence
for the straightforward formation of the required intermediate

Conditions TFA,
éOC see Table 1 éOC I-Ii B\Zu_g\
. = 5 2\,
o Ot t_BquC(R)Cw/'{*BOC 9d R = TBDPSOCH,C=C %
L CO,Et
" N?(O)H B R - e
RO OtBu
Scheme 3
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acyliminium ion (Scheme 3) comes from the X-ray analysis of 6,
in which the distance from the oxygen of the ester carbonyl to the
C-5 carbon is only 3.30 A, thereby facilitating neighbouring group
participation.

This sequence can be operated without isolation of interme-
diates; thus, conversion of sulfone 6 to acetylene 7f immediately
followed by deprotection (TFA) gave a 68% yield of product 9c.

A novel method providing exclusive access to trams-2,5-
disubstituted pyrrolidines from pyroglutamic acid which can be
operated at scale via a crystalline intermediate and with no chro-
matographic purification has been established. We anticipate that
this approach will be of synthetic importance for the preparation
of similarly substituted pyrrolidines in natural product systems.
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Preparation of 6: Lactam 5¢ (13.7 g, 53.4 mmol) in dry THF (550 ml)
under N, was cooled to —78 °C, and lithium triethylborohydride
solution (53.4 ml, 1.0 M in THF) slowly added such that the
temperature was maintained below —65 °C. The mixture was left for
1 h and quenched by addition of sat. aq. NaHCO; solution (70 ml)
followed by hydrogen peroxide (35% w/w) (27 ml). The mixture was
allowed to warm to rt and stirred for 30 min. The solvent was removed
in vacuo and the solid residue was extracted with DCM (3 x 200 ml)
and the solution filtered. The combined organic layers were dried over
MgSO, and concentrated in vacuo to give crude 4a which was used
immediately without further purification. Crude 4a, benzenesulfinic
acid (7.59 g, 53.4 mmol) and calcium chloride (17.8 g, 160 mmol) were
suspended in DCM (690 ml) and stirred at rt under N, overnight.
Water (345 ml) was added and the mixture was extracted with DCM
(3 x 345 ml). The combined organic phases were dried over MgSO,
and concentrated in vacuo to yield the crude product as a yellow solid.
The solid was purified by recrystallisation from diethyl ether to give
the product as a white crystalline solid (10.1 g, 49%). [a]Z = —56.3 (¢
1.00, CH,Cl,); mp 122-124 °C (diethyl ether); d, (C¢Ds, 400 MHz) (2
rotamers) 1.00 (3H,2 x t,J 7.1, OCH,CH;), 1.23 and 1.25 (3H and 6H,
2 x s, C(CH;);), 1.58-1.70 (1H, m, C(3)H), 2.02-2.24 (1H, m, C(4)H),
2.53-2.95 (2H, m, C(3)H and C(4)H), 3.84-4.04 (2H, m, OCH,), 4.45
and 4.67 (0.7H and 0.3H, 2 x d, J 9.1, C(2)H), 5.20 and 5.40 (0.3H and
0.7H, 2 x d, J 8.1, C(5)H), 7.00-7.16 (3H, m, ArH), 7.87-8.04 (2H, m,
ArH); ¢ (C4Ds, 100 MHz) (2 rotamers) 14.0, 14.1 (OCH,CH;), 24.8,
26.4 (C(3)), 27.7, 37.8 (C(CH,),), 28.2,29.7 (C(4)), 61.0 (OCH,), 60.9,
61.1(C(2)), 78.6, 79.1 (C(5)), 80.8, 81.3 (C(CHs)5), 127.8, 127.9, 128.0,
128.2,128.8,129.2,129.8, 133.3, 133.5 (Ar(C)), 138.9 (q, Ar(C)), 152.9,
153.4 (CO,C(CH,),), 172.1, 172.3 (CO,CH,CH,); m/z (EI) 789 2M
+ Na*, 75%), 442 (M + MeCN + NH,*, 100%), 406 (M + Na*, 15%);
HRMS (M + Na*) calculated 406.1300, found 406.1309. Preparation
of pyrrolidine 7f: Isopropylmagnesium chloride solution (1.3 ml, 2.0 M
in diethyl ether) was added to a solution of phenylacetylene (0.29 ml,
2.58 mmol) in dry THF (5 ml) under N, at 0 °C so that the temperature
did not exceed 25 °C. After, the addition was complete, the mixture was
warmed to rt and left for 1 h. A solution of anhydrous zinc bromide
(0.580 g, 2.58 mmol) in dry THF (5 ml) was added to the mixture
and stirred for 30 min. A solution of sulfone 6 (0.494 g, 1.29 mmol)
in dry THF (10 ml) was added to the mixture and the reaction was
left overnight. The reaction was quenched by addition of sat. aq.
NH,CI (15 ml) and water (15 ml). The organic layer was separated
and the aqueous layer was extracted with EtOAc (3 x 25 ml). The
combined organic layers were dried over brine (50 ml) and MgSO,,
and concentrated in vacuo to give the crude product. The product was
purified by silica gel flash column chromatography [10 : 90 EtOAc-
petrol (40-60)], which gave the pure product as a colourless liquid
(0.34 g, 76%). R; = 0.54 [40 : 60 EtOAc—petrol (40-60)]; [a]; = —151
(¢ 0.50, CH,Cl,); oy (CDCl;, 400 MHz) (2 rotamers) 1.23-1.30 (3H, m,
OCH,CH,), 1.43 and 1.50 (4.5H and 4.5H, 2 x s, C(CHj;)5), 2.00-2.10
(2H, m, C(3)H* and C(4)H"), 2.22-2.34 (1H, m, C(4)H*), 2.43-2.60 (1H,
m, C(3)H"), 4.06-4.23 (2H, m, OCH,CH3,), 4.34 and 4.44 (0.5H and
0.5H, 2 x d, J 8.8, C(2)H), 4.83 and 4.95 (0.5H and 0.5H, 2 x d, J 7.8,
C(5)H), 7.24-7.43 (5H, m, ArH); 6. (CDCl;, 100 MHz) (2 rotamers)
14.1, 14.3 (OCH,CHs;), 28.3, 28.4 (C(CH,),), 28.6, 29.7 (C(3)), 31.3,
31.9 (C(4)), 49.3, 49.5 (C(5)), 58.7, 59.1 (C(2)), 61.0, 61.1 (OCH,CHy),
80.4 (C(CH,);), 81.8, 82.0 (C(7)), 89.2, 89.4 (C(6)), 123.0 (q, Ar(C)),
128.0, 128.1, 128.3, 131.5, 131.8 (Ar(C)), 153.1, 153.8 (CO,C(CHs;)5),
172.5,172.8 (CO,CH,CHj;); m/z (E1) 402 (M + MeCN + NH,*, 100%),
366 (M + Na*, 2%); HRMS (M + H*) calculated 344.1862, found
344.1859.
32 This lack of NOE enhancement is not an unequivocal demonstration
of trans-2,5-disubstitution, since our own NOESY analysis of cis- and

3
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trans-4b showed no enhancement between H-2 and H-5 in both cases. reference number 615009. For crystallographic data in CIF or other

However, we have recently reported that stereochemical assignment electronic format see DOI: 10.1039/b611583g.
in related systems can be more reliably achieved using a VI-NOESY 34 Our proton spectrum for trans-9a was identical to the spectroscopic
protocol which eliminates complicating conformational effects, and data reported for trans-9a; data for cis-9a has also been reported.’
in this case the cis-2,5-disubstituted pyrrolidines gave clear NOE(SY) These were assigned by reference to compounds previously reported in
enhancements between H-2 and H-5, but the trans-2,5-disubstituted the literature (see ref. 37).
pyrrolidines did not.*® This assignment was confirmed by single crystal 35 D. A. Fletcher, R. F. McMeeking and D. Parkin, J. Chem. Inf. Comput.
X-ray analysis in several cases. Sci., 1996, 36, 746-749.

33 Crystal data and data collection parameters for compound 6: 36 S.R. Hussaini and M. G. Moloney, Org. Biomol. Chem., 2006, 4, 2600—
CisH,sNOGS, M = 383.47, monoclinic, a = 10.6783(3), b = 8.1891(2), 2615.
c = 11.1365(3) A, p = 98.9319(17)°, V = 962.03(4) A>, T = 150 K, 37 T. Shono, Y. Matsumura, K. Tsubata and K. Uchida, J. Org. Chem.,
space group P2,, Z =2, D, = 1.324 Mg m~3, u = 0.201 mm~', 9083 1986, 51, 2590-2592.
reflections measured, 4183 unique (R;,, = 0.039). The final wR(F?) was 38 D. S. Brown, P. Clarreau, T. Hansson and S. V. Ley, Tetrahedron, 1991,
0.0340 (all data). The compound was crystallised from EtOAc. CCDC 47, 1311-1328.
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The fundamental nature of reactivity in cytochrome P450 enzymes is currently controversial. Modelling
of bacterial P450cam has suggested an important role for the haem propionates in the catalysis, though
this finding has been questioned. Understanding the mechanisms of this enzyme family is important
both in terms of basic biochemistry and potentially in the prediction of drug metabolism. We have
modelled the hydroxylation of camphor by P450cam, using combined quantum mechanics/molecular
mechanics (QM/MM) methods. A set of reaction pathways in the enzyme was determined. We were
able to pinpoint the source of the discrepancies in the previous results. We show that when a correct
ionization state is assigned to Asp297, no spin density appears on the haem propionates and the protein
structure in this region remains preserved. These results indicate that the haem propionates are not

involved in catalysis.

Introduction

Cytochrome P450 enzymes (P450s) are a large protein superfamily
of haem monooxygenases. Humans possess 57 different active
genes leading to expression of P450 enzymes,' and these enzymes
are present in most living organisms in nature. These enzymes
are involved in biosynthesis and in oxidation of xenobiotics. For
example, P450s play a role in the synthesis of steroids, eicosanoids
and other bioregulators.> The second function accounts for the
strong interest in the biochemistry of human P450s among medic-
inal chemists and toxicologists,® as these enzymes metabolize the
majority of administered drugs. Oxidation results in solubilization
of compounds, facilitating their excretion from the body, and
influencing their bioavailability. As this group of enzymes has a
broad selectivity, it is important to understand their interactions
with new medicinal compounds. Activation of prodrugs and
conversion into toxins are among other pharmaceutically relevant
effects of P450s.

The reactions catalysed by P450 enzymes have been extensively
studied experimentally and computationally.>*® In most cases,
the net transformation involves reduction of dioxygen, with
incorporation of one oxygen atom into the substrate and reduction
of the other to water:

NADPH +H* +0, + Sub — NADP* + H,0 + Sub(O)

Detailed quantum mechanical (QM) studies have attempted to
determine the nature and the reactivity of the active species in these
enzymes, widely supposed to be a high-valent iron-oxo species,
called Compound I (Cpd I—see Fig. 1). Calculations have been

“Centre for Computational Chemistry, School of Chemistry, Univer-
sity of Bristol, Bristol, UK BS8 ITS. E-mail: Adrian. Mulholland@
bristol.ac.uk, Jeremy. Harvey@bristol.ac.uk

"Vernalis (R & D) Ltd, Granta Park, Abington, Cambridge, UK CBI 6GB
T Electronic supplementary information (ESI) available: Detailed reaction
barriers, summary of key properties of the highest-energy points of each
pathway. See DOI: 10.1039/b611653a

C-H
H
Camphor H IO_H
84— Fe-O

I<—Fe-S
~

Compound I

Fig. 1 Key species in the reaction of 5-exo-hydroxylation of camphor.
Compound I is shown in a schematic way, with the haem ring shown as
horizontal bars. The most important distances for the reaction are shown
with arrows.

carried out on model systems and more recently on large models
of cytochrome P450cam.

P450cam is a bacterial enzyme that catalyses
hydroxylation of camphor. It was the first cytochrome P450
enzyme to be crystallized and has been the subject of many
subsequent experimental and computational studies. A large num-
ber of crystal structures are available for this enzyme, including
one tentatively assigned to contain the active Cpd I species. The
mechanism of the reaction in small models has been studied
with electronic structure methods (as reviewed by Shaik et al.”)
and more recently, the reaction in the protein has been investi-
gated using hybrid quantum mechanical/molecular mechanical
(QM/MM) approaches. Key species of the reaction are shown
in Fig. 1, along with pointers for important atom distances.
QM/MM methods allow the inclusion of the influence of the
specific interactions in the protein on the reactants (e.g. including
the effects of electronic polarization). They provide an excellent
tool for investigating mechanisms of enzyme reactions. Initial
QM/MM studies of P450cam focused on characterization of the
active species,'' whose spectroscopic properties were theoretically

5-exo-
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studied in more detail recently.”* Studies of hydroxylation of
camphor'®"* followed, as well as analysis of the protein in its
resting state’® and of the enzyme-product complex,'® as well as a
study of the full catalytic cycle of the enzyme.'” These calculations
have raised a number of controversial issues concerning the nature
of the active species and the reaction mechanism for this model
enzymatic system.

Controversial proposals on P450 reactivity have arisen directly
from QM/MM calculations on P450cam. Calculations found
that a propionate sidechain on the haem group in the active
species becomes partially oxidized, and carries unpaired electron
density.**" This was proposed to play an important role in the
enzyme’s catalytic properties. This was however not confirmed
by other studies.!™"* Also, different studies have produced rather
different barrier heights and hence predicted reactivities for
camphor oxidation. The two groups have published a joint paper
recently’® where they try to reconcile the conflicting results, but
controversy still remains.'**

Argument centres on the possible role of haem propionates in
catalysis. A central question is whether there is unpaired electron
density on these side chains of haem. The discrepancy between
findings with apparently similar computational methods also
questions whether studies which use a truncated model of haem
can give a good description of a reaction surface, and potentially
also the reliability of the QM/MM methods themselves.

We are interested in studying the metabolism of medicinal
compounds with human P450 enzymes, including e.g. character-
izing the Compound I active species in human drug-processing
isoforms.” One important aim of this modelling is to predict the
relative rate of oxidation of different substrates or of different
sites in a given substrate, e.g. a drug molecule in a particular
P450 isoform. Clearly, to develop predictive structure-reactivity
relationships, an essential first stage is to establish the mechanisms
of reactions in P450s. The hydroxylation of camphor in P450cam
is an archetypal P450 reaction, making it particularly important
to resolve the uncertainty in this case. It is also vital to resolve
the apparent discrepancy between different calculations. The
controversies are problematic in this respect since they suggest
that differences in QM/MM procedures can lead to quite sig-
nificantly different results. To have confidence in the results of
mechanistic calculations, it is important to show that reproducible
and consistent results can be obtained. Comparative studies
of experimentally well characterized enzymes are particularly
important for this.

A key question therefore is whether the differences between
the calculated results are due to some difference between the
(apparently similar) methods, or to some detail in the setup of the
calculations. Only by reproducing different results can the causes
of calculated differences be identified. Enzymes are notoriously
complex, and great care must be applied in setting up any
simulation of a protein. Uncertainties in experimental structures,
or for example in the pK,s of ionizable groups, can make it difficult
to choose a correct simulation setup unambiguously. It may be
necessary to examine different possible systems to test the effects
of such uncertainties. Tests of this sort could include examinations
of the effects of structural differences, and alternative possible
protonation states. Proteins are well known to have complex
dynamics, giving rise to multiple different conformations, which
may differ only subtly. The effects of structural variation can

be explored, for example, by calculations on multiple structures
derived from molecular dynamics simulations.®?' Different pro-
tein conformations can lead to different electronic structures
in QM/MM computations,”*?*% and to somewhat different
barrier heights to reaction.**** Such variation is to be expected
in proteins, and the steady state experimental rate will represent
an average over many conformations. However, it is unlikely
that thermal fluctuations should lead to qualitatively different
chemical mechanisms for an enzyme. Nevertheless, these effects
should be investigated. To examine this possibility and to probe
to what extent QM/MM methodology can reproduce the known
behaviour of this experimentally well-characterized system, we
have investigated the reaction of hydroxylation of camphor using
QM/MM procedures of the type we have previously applied to
other metalloenzymes.*? We investigate the electronic structure of
the reactants and transition state, and compare results obtained
in our calculations with previous findings, to identify sources of
discrepancy. The importance of a protonation state of a nearby
aspartate residue is shown, as it affects the structure of the protein,
electronic state of the reactants and reactivity of the enzyme. These
results provide additional insight into the accuracy of density-
functional theory based QM /MM methods to describe reactivity
in cytochrome P450 enzymes.

Computational methods
Protein preparation

The protein model was based on the crystal structure of P450cam
from Pseudomonas putida in its complex with camphor® (PDB*
entry 1DZ9, 1.9 A resolution). The haem group in this crystal
structure is represented by a putative active species—Cpd I. The
system preparation was similar to approaches applied in the
modelling of other enzymes.®”? Hydrogen atoms were added
according to standard pK, values, using the HBUILD* module of
CHARMM? program version ¢27b2, and their position was then
optimized. The CHARMM27* force field was used throughout.
One residue not treated according to this rule was Asp297, where
both protonation states were tested; the two different models are
referred to in the text as the protonated and ionized models,
respectively. If protonated, a hydrogen atom was added to the OD2
oxygen, forming a hydrogen bond between OD2 and the O2A atom
of the haem propionate. As shown in Fig. 2, any other possible
placement of the proton would not lead to a favourable geometry
for the hydrogen bond. Histidine tautomers were assigned on the
basis of the local hydrogen bonding environment. The protein was
then truncated to a 25 A sphere centred around the haem iron.
In pure forcefield (not QM/MM) calculations, all polar residues
(Asp, Lys, Glu, Arg) located 20 A or more from the centre of the
system (buffer region) were neutralized, unless they were forming
salt bridges with charged residues in the inner region. This led to
a system with an overall charge of —le for the ionized model, and
with no charge for the protonated model. A non-bonded cutoff
of 13 A was used in the MM calculations for preparation of the
system before QM /MM calculations.

The system was then immersed in a 25 A sphere of water
(CHARMM TIP3P* model), centred on the haem iron atom. All
overlapping water molecules, i.e. whose oxygen atom was 2.6 A or
closer to existing heavy atoms, were deleted. The water was then
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Fig. 2 Arrangement of oxygen atoms in Asp297 and A-propionate of
haem group. If added, hydrogen atom was placed between atoms O2A
and OD2. The positions of atoms O2A and OD2 clearly indicate a
very favourable hydrogen bond between them; any other oxygen atom
combinations would give a less optimal geometry of the hydrogen bond.
The distances between atoms are given in A, atom names are as in the PDB
file.

optimized and equilibrated (with other atoms fixed) in a stochastic
boundary molecular dynamics (SBMD)* simulation using full
Newtonian dynamics for water molecules within a distance of 20 A
from the haem iron, and Langevin dynamics for the remaining
water molecules. A deformable boundary potential was used to
keep water oxygen atoms within 25 A of the iron. The whole system
was then minimized and equilibrated for 100 ps with SBMD. The
haem group (represented with Compound I force field parameters)
was frozen in all MM calculations, with other atoms within the
20 A sphere free to move, and protein atoms beyond 20 A har-
monically restrained to their initial positions (with force constants
increasing with the distance from the centre of the system®>**).
The energy of the system was then minimized. This optimized
geometry was used as a starting point for three independent 100 ps
SBMD runs (following the same protocol as described above). The
final geometry from each run was minimized by MM, leading to
three independent starting geometries for both the ionized and
the protonated models. Full details of protein preparation, in-
cluding definition of non-standard forcefield residues, are given in
the ESI.f

QM/MM calculations

QM/MM calculations used density functional theory (DFT)
with the B3LYP functional to describe the QM region and the
CHARMM 27 forcefield® for the MM region. The molecular
mechanical part of the calculations was carried out using Tinker,**
with atoms outside a 20 A sphere centred on the iron atom
held fixed. The DFT part of the calculations was carried out
using Jaguar 4,* and included the field generated by the point
charges on the MM atoms. In most calculations, the standard
Los Alamos effective core potential and associated double-
contracted basis set LACVP was used on the iron atom, and the
6-31G basis set on all other atoms (BS I). Additional calculations
were carried out using the larger BS 11, which includes a triple-(
contraction of the LACVP basis set (LACV3P**) on iron and
the 6-31G** basis on other atoms. These methods have been
shown to treat such systems well.#*%637 Two QM regions were

investigated. The first (QM1) included the camphor molecule,
the methyl thiolate part of the haem-coordinating cysteine and
the unsubstituted porphyrin ring. In QM2, all substituents on
the haem ring were included. All C-C bonds at the boundary
of the QM and MM regions were capped with hydrogen ‘link
atoms’. MM charges on the atom replaced by the link atom and
some atoms directly connected to it were set to zero, to avoid
unphysical effects.” QM regions 1 and 2 consisted of 70 and 106
atoms, respectively. BS T and QM1 were used unless mentioned
otherwise. Coupling between the QM and MM regions, and energy
minimization of the QM system, was carried out with the QoM-
MMa program.*® No cutoffs for electrostatic or van der Waals
nonbonded interactions were used in QM/MM calculations. Re-
action profiles were generated by carrying out a series of QM/MM
minimizations with the distance between the Cpd I oxygen and
the reacting camphor hydrogen restrained to different values.
This reaction coordinate has been applied successfully in previous
studies."

Results and discussion

The key step in the reaction mechanism, and the one for which
the different computations have shown the largest discrepancies,
is the hydrogen abstraction by Cpd I. We therefore focus on
this step only. In the first part of our work, three independent
reaction pathways were calculated for the protein with Asp297
in its ionized state. The starting geometries were derived from
molecular dynamics simulations. The position of camphor remains
stable during the dynamics and does not change much (average
RMS value of heavy atoms of camphor with respect to starting
MD conformation were 0.5, 0.43 and 0.44 A for the respective
pathways). We observe a water molecule hydrogen-bonding to
the Cpd I oxygen atom throughout the duration of each MD
simulation and in all QM/MM optimizations. The average
reaction barrier was 15.3 + 0.35 kcal mol™'. The key reaction
distances in the average geometry of the transition state (TS) were
Fe-S:2.56 A, Fe-0: 1.78 A, O-H: 1.24 A, C-H: 1.38 A. The TS
geometry is very similar to that found by others,"® although here
the TS is located earlier with respect to hydrogen transfer (the O—
H distance is 1.24 A, compared to 1.15 A). A water molecule stays
hydrogen-bonded to Cpd I oxygen throughout the reaction. One of
these pathways was then reoptimized using the larger QM2 which
includes the haem side chains in the QM region. Exact energy
barriers and geometrical details of transition states are given in
the ESL.T

At the initial geometry of the QM/MM optimization of the
reactant complex (the optimized structure from QM/MM using
QM1), a small amount of unpaired electron density was observed
on the haem propionates (0.008 e and 0.036 e on the oxygen atoms)
when calculated with QM2. After QM/MM reoptimization using
QM2, the small changes in geometry due to the different location
of the QM-MM boundary lead to some loss of spin density
on the propionate (0.003 e and 0.033 e). This small level of
spin density is also observed to diminish at all subsequent
geometries along the reaction pathway (spin densities of 0.0003 e
and 0.0029 e at the transition state, and 0.0008 ¢ and 0.01 e
in the product complex). The barrier along the QM2 reaction
pathway is 2.2 kcal mol™! higher than that obtained with QM1,
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but the optimized geometries along this pathway are not changed
significantly.

The observation of only very small spin densities on the haem
propionate groups after optimization is consistent with results
obtained by Thiel et al.'* However, in other QM/MM studies
by Guallar er al.,'* extensive spin density is obtained on these
groups. There is a significant difference between our system
setup and that used in the latter study. Our starting geometries
for QM/MM pathway minimization are derived from molecular
dynamics equilibration of all atoms within a large sphere centred
around the haem group, whereas Guallar ef al.**'" used the crystal
structure directly without preliminary equilibration. To assess
the impact of this different system preparation, a calculation
on the Compound I-camphor complex was carried out using a
starting structure derived from the crystal structure by truncation,
solvation and water equilibration, while keeping all coordinates
of the protein fixed. A QM/MM single point calculation using
the large QM2 region led to a wavefunction with significant spin
density on the A-propionate (0.53 e on one of the oxygens and
0.05 e on the other). After QM/MM minimization, slightly
reduced spin densities of 0.28 e and 0.03 e, respectively, were found.

The key structural difference between the crystal structure
and the equilibrated structure appears to be the movement of
a potentially negatively charged group, Asp297. In the crystal
structure the carboxylate group of this residue is located (perhaps
surprisingly) close to the negatively charged propionate. This in-
teraction, which might be unexpected, is a common characteristic
of crystal structures of this enzyme. The distance between the
two closest interacting oxygen atoms in the crystal structure is
2.36 A. Such an unusually short distance appears in several high-
resolution crystal structures of P450cam, but in the majority of
structures it is in the range of 2.5-2.8 A (see Table 1 for examples,
and Table S1 in the ESIf for a more extensive list). The short
separations observed experimentally are indicative of a hydrogen

Table 1 Examples of O-O distances between the A-propionate oxygen of
the haem group and a carboxylate oxygen of Asp297. The shortest of four
possible distances is given. For measurements in all P450cam structures
present in the PDB database with a resolution of 2.00 A or better, refer to
Table S1 in the ESI

PDB code Subunit A/A Subunit B*/A
1AKD 2.77

1DZ6 2.34 2.69
1DZ9 2.36 2.73
1GEK 2.59

1GEM 2.55

1IWI 2.57

1IWK 2.69

1K20 2.64 2.69
1076 2.39 2.67
1PHA 2.63

1PHD 2.78

1QMQ 2.66 3.55
1RE9 2.69

1T85 2.49

2A10 2.58 2.41
2CPP 2.74

“In the cases where two protein units were present in the coordinate
file, distances for each unit are given. ® The number corresponds to an
alternative conformation of Asp297 side chain in subunit A, not to Asp297
in subunit B.

bond between Asp297 and the propionate. Poisson—Boltzmann
continuum electrostatic calculations® suggested that one of the
carboxylates is protonated. Where neither group is protonated, as
in our first set of calculations (and in some previous work!*'*),
Coulombic repulsion by Asp297 effectively decreases the electron
affinity of the A-propionate carboxylate group, facilitating partial
electron transfer to the haem ring. This is especially strong in
the unequilibrated crystal structure, because of the short distance
between the two groups. Clearly, the presence of a negative charge
on Asp297 could potentially have a significant impact on the
electronic structure of Compound I.

Our QM/MM calculations and molecular dynamics (MD)
simulations provide a strong indication that Asp297 is protonated,
and must be treated as such to achieve consistency with the
experimental structures. MD simulations treating both Asp297
and the A-propionate as negatively charged show a clear and
significant increase in distance between the two groups (as
described below). The impact of MD equilibration is very different
for the models treating Asp297 as protonated or ionized. For each
ionization state, three independent MD simulations were carried
out. In the case of the ionized model, the shortest O-O contact
(initially 2.36 A) significantly increased in length during the early
stages of the MD run, then oscillated around 3.6-4.0 A. In the
resulting conformation, the carboxylate group of Asp297 points
away from the haem propionate, thereby minimizing the repulsive
interaction between these two carboxylate groups (as shown in
Fig. 3).

Fig. 3 Difference in the conformation of ionized Asp297 between the
initial conformation (on the left) and in the equilibrated system (on the
right).

This distance does not decrease when these structures are
used in QM/MM calculations with QM region 1, and changes
by no more than 0.05 A with QM region 2. Similarly, when
the unequilibrated protein (crystal) structure was subjected to
QM/MM minimization (using larger QM region 2) in which
both carboxylates were treated as charged, the distance between
their oxygen atoms also increased: from 2.36 A to 3.9 A. Clearly,
when Asp297 is ionized, the experimentally observed interaction
with the A-propionate is not preserved. Further demonstration
of the sensitivity to the O-O distance of the system with both
Asp297 and the propionate charged was provided by further tests
with the large QM region. These reinforced the conclusion that
a short O-O distance can lead to significant spin density on
the propionate when both partners are charged. One QM/MM
optimization (pathway 2) of this system produced a conformation
in which the Asp297-propionate O-O distance was 3.05 A. This
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showed spin density on the haem propionate oxygens of 0.13 e
and 0.11 e. Roughly the same amount of spin density remains on
the propionate throughout this pathway, with the values in the
product complex being 0.1 e and 0.08 e. In all the simulations
where Asp297 was protonated, its conformation remained very
stable. It formed a hydrogen bond with the propionate, with
an O-O distance close to 2.7 A. This distance is in agreement
with a number of crystal structures of P450cam, although slightly
longer than the value in the crystal structure we used as a starting
point (2.36 A). The exact O-O separation is not known exactly,
due to variability in crystal structures, but available data clearly
indicates the presence of a hydrogen bond. In short, only molecular
dynamics simulations in which Asp297 is protonated lead to a
stable conformation resembling the crystal structure. It should
be noted that the CHARMM 27% force field was optimized to
accurately represent protein structure and interaction.

A second crucial question is whether these differences in
the electrostatic environment of the haem group (ionized versus
protonated forms of Asp297) have important effects on reactivity.
Three reaction pathways for hydrogen abstraction were calculated
for the models with protonated Asp297 (using QM region 1) and
compared with results for the ionized model, described above.
Table 2 shows the average reaction barrier height for both models,
and average key distances (as shown in Fig. 1).

The reaction barrier is elevated by about 3 kcal mol~! for the
protonated model; the spin density on sulfur is a little higher than
in the case of (the optimized) ionized model, and accordingly the
Fe-S bond in slightly lengthened. The structure of the transition
state does not change much in the protonated model, with average
key atomic distances different by less than 0.03 A. One of the
pathways was also recalculated with QM region 2. This led to
an increase in barrier height by ca. 2.5 kcal mol™' with little
change in structure. No spin density was found on the haem
propionates at any point along the reaction coordinate in any
of these calculations.

The 3 kcal mol™' energy difference for the reaction in models
with ionized and protonated aspartate can probably be attributed
to a slightly different arrangement of the protein environment
after protein equilibration. The geometry and electronic structure
of the QM region at the highest points along the energy profiles
are very similar in all cases, so the different protonation state
does not seem to lead to a major chemical change explaining the
slightly higher barrier. It is possible that the difference is merely
due to the fact that we are comparing results calculated as an
average over three conformations only, and reflects the intrinsic
variability from one protein conformation to another.*** Longer
equilibration and calculation of more QM/MM energy profiles in

Table 2 Average values for the energy barrier of hydrogen abstraction
from camphor, key distances and spin density on sulfur of the highest-
energy geometry on the pathway

Property Ionized model Protonated model
Reaction barrier/kcal mol™! 15.3 18.3

O-H distance/A 1.24 1.22

C-H distance/A 1.37 1.4

Fe-O distance/A 1.78 1.79

Fe-S distance/A 2.56 2.58

Spin density on sulfur/e 0.21 0.27

the two cases might lead to average barriers more similar to each
other. It is also possible that if Compound I could be generated in
the presence of an ionized Asp297, then it would be slightly more
reactive than in the protonated form. However, as noted above, the
structural evidence suggests that the ionized form is not accessible.
It should also be noted that the close contact of an acidic residue
with a haem propionate chain seems to be a unique feature of
P450cam. No such contact is present in any of the crystallized
structures of human P450 enzymes.** This means that there is
no corresponding problem in assigning the ionization state when
modelling human P450s® and their reactions with drugs. It also
suggests that the presence of an ionized acidic residue close to the
haem group cannot play an important catalytic role.

The average QM /MM barriers are 15.3/18.3 kcal mol~' for the
ionized/protonated models, respectively. The use of a larger QM
region and/or a larger basis set slightly increase these values, so
that our best estimate of the activation barrier for reaction in the
protonated form is ca. 20 kcal mol~'. How consistent is this with
other results? First of all, our results are very consistent with the
previous computational work of Shaik er al.,'"'* despite using a
completely independent system set-up and a different QM/MM
procedure. This is important as it shows that despite the complexity
of these metalloenzyme systems, careful QM /MM work leads to
reproducible results.

On the experimental side, there is only indirect evidence con-
cerning the barrier height. Kinetic studies suggest that hydrogen
atom abstraction is not rate-limiting so the measured k., value
of 66 s™' is only a lower limit of the rate constant for the step
we are studying. Cryogenic studies of a Compound I precursor in
P450cam led to the product complex on a timescale of several
seconds, without it being possible to detect an intermediate
Compound I. This suggests that the latter is a very short lived
species, with a rate constant for hydrogen abstraction from
substrate at 200 K of close to 1 s7! or higher. At room temperature,
attempts to generate Compound I in a number of P450 isoforms
suggest that it decays by electron transfer from various oxidizable
protein side-chains on a timescale of a few milliseconds.”*=* These
experiments are carried out in the absence of substrate and hence
with water in the active site pocket, which may enhance this
electron transfer process. Nevertheless, for hydrogen abstraction
to dominate over electron transfer in the presence of substrate, the
rate constant should probably be at least of the order of 1000 s~'. In
contrast to these observations, decay of Compound I in bacterial
CYPI119%" is not significantly faster in the presence of substrate
than in its absence.

Nevertheless, all these results suggest a relatively low barrier
to hydrogen atom abstraction. Direct application of the Eyring
equation using the ca. 1 s7! rate constant at 200 K gives a free
energy of activation of ca. 11 kcal mol~', while the value of 1000 s~
at room temperature corresponds to a value of ca. 13 kcal mol™'.
The k., value of 66 s~! suggests the free energy barrier must be
lower than 15 kcal mol™'. All these values are much lower than
our calculated barrier. However, the latter is an energy barrier,
not a free energy, so that some corrections are needed in order to
compare with experiment.

First, the zero-point energy (ZPE) at the TS is considerably
reduced compared to the reactant complex. Shaik er al.®® esti-
mated the ZPE correction to be ~4 kcal mol~'. Hydrogen atom
tunnelling®® would lower the apparent free energy of activation.
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In favourable cases, with extensive tunnelling, this effect can lower
the activation free energy by up to 4.5 kcal mol~'. At first sight,
such a large effect is not expected for P450cam, as experimental
isotope effects have been known for some time to be fairly small.
However, these apparent isotope effects are misleading because
as already stated, H atom abstraction is not rate-limiting. Newer
experimental work shows that the underlying &y /&y, isotope effect
for the abstraction step can be as large as 15.°*5* This should
correspond to significant tunnelling, as expected for a process
involving H atom transfer, and should thereby lead to a decreased
activation free energy. The extent of this lowering is not clear but
it is reasonable to assume it could be of the order of 2 kcal mol™".
Finally, entropic effects contribute to the experimental activation
free energy. The loss of some rotational and translational entropy
of the camphor substrate will be counterbalanced to some extent
by the looser vibrations of the transferring H atom, and the net
effect is likely to be small.

The net result of these corrections is a predicted activation free
energy of the order of 14 kcal mol~'. Considering the possible error
associated with the B3LYP DFT method, the calculated barrier
is consistent with experiment, if at the higher end of the possible
range. This conclusion was also reached in previous QM/MM
studies.”

Conclusions

In this paper, we have studied the hydrogen abstraction step
in the hydroxylation of camphor by P450cam. As well as cal-
culating reaction pathways using QM/MM methods, we have
used molecular dynamics methods to examine the structure of
the Compound I enzyme-substrate complex, and determined the
electronic structure of this species. Previous QM/MM work by
other groups'™™ led to inconsistent predictions concerning the
presence of spin density on the haem A-propionate sidechain.
We have found that this spin density is only found when a
charged aspartate is in the proximity of the propionate. This
is most significant when the unrelaxed crystal structure of the
protein is used—geometry optimization and molecular dynamics
equilibration lead to structures with reduced spin density.

Our results also show that a much better model is obtained
when using a protonated Asp297 residue, as this preserves the
protein conformation around the haem propionates during MD
equilibration and QM/MM optimization. In this case we do not
observe any spin density on the haem propionates. This agrees with
results obtained before by others.’*™ In such a system, the reaction
proceeds with an average energy barrier of 18.3 kcal mol™'.
Inclusion of the full haem unit into the quantum calculations
slightly increases the barrier, but does not significantly change the
geometry of the transition state. Our calculated barrier heights are
consistent with rapid hydrogen atom abstraction by Compound I
provided that a correction for zero-point energy is included and
that some allowance is made for hydrogen atom tunnelling.
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The use of a non-coordinating solvent for the aza-Claisen
rearrangement of §,e-disubstituted acetimidates switches on a
substrate directing effect that gives excellent stereoselectivity.

[3,3]-Sigmatropic rearrangements have found widespread applica-
tion in synthesis for the preparation of organic molecules." An
important reaction from this class is the aza-Claisen rearrange-
ment of allylic trichloroacetimidates (commonly known as the
Overman rearrangement), which allows the allylic interchange
of alcohol and amine functional groups.? Traditionally, these
transformations have been carried out thermally® taking place
via a concerted, suprafacial reaction pathway according to the
Woodward-Hoffmann rules.* The discovery of the metal-catalysed
reaction, which proceeds via a cyclisation-induced mechanism
(Scheme 1) under mild conditions,” has led to its widespread
use in the synthesis of biologically active compounds and natural
products.® Lately, efforts have focused on developing an asym-
metric version of the Pd(ir)-catalysed process using either chiral
substrates or chiral palladium catalysts.>*” For example, Overman
and others have reported a number of chiral Pd(i1) complexes
which catalyse the rearrangement giving allylic amides in high
yields and excellent enantioselectivities.”

R [Pd]
R /
= Pd(lI) HN-(\ﬂ
HN.__O >/O
Cl,C
CcCly N “
R H
R
X - Pd(ll) HN
w/\ _Pany >%/ﬁ”jd}
HN.__O
I
CCly ClsC

Scheme 1 Palladium(1) catalysed aza-Claisen rearrangement.

With the goal of utilizing this reaction for the asymmetric
synthesis of complex amino acids, we became interested in
developing an understanding of how the rearrangement of chiral
substrates is influenced intramolecularly by stereogenic centres
and functional groups. This led to the development of an ether
directed, Pd(ir)-catalysed process which has been used for the

West CHEM, Department of Chemistry, The Joseph Black Building, Univer-
sity of Glasgow, Glasgow, UK G12 8QQ. E-mail: andrews@chem.gla.ac.uk;
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T Electronic supplementary information (ESI) available: Experimental
procedures and spectroscopic data for the rearrangement reactions and
formation of the a-amino acids. See DOI: 10.1039/b613271e

synthesis of B-hydroxy-o-amino acids.®*® Our current studies
have focused on the rearrangement of allylic trichloroacetim-
idates derived from §,e-disubstituted allylic alcohols. In this
communication we demonstrate that, while the stereoselective
rearrangement of these compounds in THF is controlled solely
by 1,3-allylic strain, the use of a non-coordinating solvent (such as
toluene) results in the switching on of a substrate directing effect
which significantly enhances the diastereoselective outcome of the
reaction allowing the efficient synthesis of the natural products,
(28,4 R)-y-hydroxynorvaline and (25,3S,4 R)-y-hydroxyisoleucine.

For investigating the effects of 1,3-allylic strain on the stereo-
chemical outcome of this rearrangement, allylic trichloroacetimi-
dates 16-18 were prepared as outlined in Scheme 2.

OH . OMOM OMOM
ii iii
)\/COZEt — )\/COZEt B —— /k/\
H N OH
R R R
1R=H 4R =H (75%) 7R =H (80%)
i [ 5R = Me (93%) 8 R = Me (99%)
2R = Me (78%) 6 R =Bn (85%) 9 R =Bn (93%)
3R =Bn(58%)
iv
MOMO OH i MOMO
NS -— X _-COEt
R R

13 R = H (98%)
14 R = Me (84%)
15 R = Bn (70%)

V l
CCly

HN ¢}
NS

10 R = H (59%)
11 R = Me (74%)
12 R = Bn (91%)

MOMO

R

16 R=H, 17 R = Me,

18 R=Bn
Scheme 2 Reagents and conditions: (i) LDA (2.0 eq), THF, —78 °C,
Mel or BnBr; (i) MOMCI, NEt(iPr),, CH,Cl,; (iii) DIBAL-H (2.2 eq.),
Et,0, —78 °C; (iv) DMSO, (COCl),, NEt;, CH,Cl,, —78 °C to RT, then
LiCl, DBU, triethyl phosphonoacetate, MeCN; (v) DBU, CI;CCN, 0 °C,
CH,Cl,.

The methyl and benzyl derivatives 2 and 3 were synthesised
from ethyl (R)-3-hydroxybutanoate 1 using a LDA mediated
stereoselective alkylation which gives excellent levels of the
desired erthyro product.” The MOM-ethers were formed under
standard conditions® and this was followed by reduction of

This journal is © The Royal Society of Chemistry 2006
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Table 1 Palladium(1r) catalysed rearrangement of acetimidates 16, 17 and
18 in THF and toluene

ccl, CCly

A

PdCl,(MeCN), MOMO  HN" ~O MOMO HN™ O

16, 17,

18 NSt Z
THF or : :
toluene R R
a b
Entry R Solvent Yield* (%) Ratio® (a: b)
1 H (20) THF 50% 1:1
2 Me (21) THF 49% 3:1
3 Bn (22) THF 72% 6:1
4 H (20) Toluene 71% 3:1
5 Me (21) Toluene 66% 13:1
6 Bn (22) Toluene 82% 11:1

“Isolated combined yields of a and b from allylic alcohols 13-15. ® Ratio
in crude reaction mixture.

the ester functional groups using DIBAL-H. A one-pot Swern
oxidation/Horner-Wadsworth—-Emmons reaction'” then gave (E)-
o,B-unsaturated esters 10-12 in good yields and these were
converted to the corresponding allylic alcohols 13-15 again using
DIBAL-H. Finally, treatment of the allylic alcohols with DBU
and trichloroacetonitrile gave the desired substrates 16-18.

The aza-Claisen rearrangement of allylic trichloroacetimidates
16-18 was then carried out at room temperature in THF using
bis(acetonitrile)palladium(1r) chloride as the catalyst (Table 1).
Unsurprisingly, rearrangement of the mono-substituted analogue,
16 gave only a 1 : 1 mixture of diastereomers in 50% yield.
Rearrangement of 17 and 18 which have increasing steric bulk
at the d-position gave the corresponding alyllic amides in ratios of
3:1and 6: 1, respectively.

Analysis of the transition states for acetimidate 16 show that
both reaction pathways are equally likely, leading to the observed
1 : 1 ratio of diastereomers 20a and 20b (Scheme 3). However,
introduction of substituents at the §-position as for acetimidates
17 and 18 results in the destabilisation of transition state 19b due to

16,17,18

Pd (Il)

20aR =H, 21aR = Me,
22aR =Bn

20b R=H, 21b R = Me,
22b R=Bn

Scheme 3

1,3-allylic strain between the 2-H and the R-group.!! This leads to
the preferred formation of diastereomer a in increasing amounts
as the steric bulk of the R-group increases, thereby effectively
demonstrating stereocontrol of the rearrangement by 1,3-allylic
strain.

We have previously reported a highly diastereoselective, sub-
strate directed aza-Claisen rearrangement in a non-coordinating
solvent where the facial coordination of the Pd(ir)-catalyst is
controlled by an adjacent MOM-ether.* Thus, in an effort to
improve the diastereoselectivity of the aza-Claisen rearrangement
of acetimidates, 16-18, the reactions were repeated using toluene
as a solvent. As can be seen from Table 1, the change in solvent
leads to cleaner reactions producing the allylic amides in higher
yields. More importantly, the diastereoselective outcome of each
rearrangement is greatly enhanced. Without the competition of
THEF, the MOM-ether group can now coordinate to the catalyst
and direct the stereoselective outcome of the rearrangement. The
different ratios of diastereomers can again be rationalized by the
transition states (Scheme 4). For acetimidate 16, transition state
23b is destabilised due to the action of the directing effect, causing
the methyl group to adopt an axial position and leading to the
preferred formation of 20a in a 3 : 1 ratio of diastereomers. In the
case of acetimidates 17 and 18, where transition state 23b is already
destabilised by 1,3-allylic strain, the positioning of the axial methyl
group adds to this destabilization leading to an enhancement of
diastereoselectivity. Thus, the combination of both the 1,3-allylic
strain and the MOM-ether directing effect led to an excellent
13:1and 11 : 1 ratio for diastereomers 21 and 22, respectively.

16,17, 18

Pd (Il)

oI
Py

20aR =H, 21aR = Me,
22aR=Bn

20b R=H, 21b R = Me,
22b R =Bn

Scheme 4

To confirm our stereochemical assignment of the products of
these aza-Claisen rearrangements, the major diasteromers 20a
and 21a were converted to the corresponding amino acid using
a ruthenium(1m) trichloride catalysed oxidation' followed by an
acid mediated deprotection step (Scheme 5). This gave the natural
products, (2S,4R)-y-hydroxynorvaline,"® 24, and (2S,3S,4R)-y-
hydroxyisoleucine,* 25, which showed optical activity and NMR
spectra consistent with published values. In a similar fashion,
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CClg
A
=

MOMO  HN i OH NH,
; <" COH
R R
20aR=H 24R=H
21aR=Me 25R = Me
22aR =Bn 26 R=Bn

Scheme 5 Reagents and conditions: (i) RuCl;-xH,0, NalO,, H,0, CCl,,
MeCN, R = H (65%), Me (62%), Bn (82%); (ii)) 6 M HCI, A, R = H (74%)),
Me (55%), Bn (55%).

allylic amide 22a was converted to the novel benzyl derived vy-
hydroxy-o-amino acid 26 (Scheme 5).

In conclusion, we have demonstrated that while the aza-
Claisen rearrangement of allylic acetimidates derived from ,e-
disubstituted allylic alcohols in THF is controlled solely using
1,3-allylic strain the use of a non-coordinating solvent results in
the switching on of a substrate directing effect which substantially
enhances the stereochemical outcome. Studies are currently un-
derway on the modelling of these reaction pathways and further
applications of the allylic amides.

The authors wish to thank EPSRC (studentship to MDS) and
the University of Glasgow for funding.
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A protocol for the construction of poly-oxazoles with consec-
utive 2,4'-linkages is described, and has afforded an efficient
route to a penta-oxazole which demarcates a route to telomes-
tatin and related macrocyclic poly-oxazole systems.

Telomestatin (1), the most potent inhibitor of telomerase function
known (ICs, = 5 nM), was recently isolated from Streptomyces
anulatus 3533-SV4.! Telomestatin is also a specific inhibitor of
telomerase function, and does not inhibit DNA polymerases
or reverse transcriptases such as 7ug polymerase or HIV-RT.!
The mode of inhibition is considered to involve stabilisation of
human DNA G-quadruplex structures or facilitation of their
formation.? The synthesis of telomestatin requires the assembly of
seven oxazole rings, each with a consecutive 2,4'-linkage. Whereas
both linear® and convergent* routes to such tris-oxazoles have
been reported, the synthesis of poly-oxazoles, especially with
terminal substituents appropriate to natural product synthesis,
remains a challenge.® Here, we report the synthesis of the
penta-oxazole core 2a of telomestatin whose methyl derivative
2b could be an advanced intermediate in its total synthesis,
by subsequent condensation with a suitably substituted oxazole
such as 3.

BocHN

L= ;
St "ot

1 2a R=H
2b R=Me

A
*r

The biosynthesis of telomestatin (1), although not yet elu-
cidated, can be interpreted as a formal assembly of one cys-
teine, five serine and two threonine sub-units. From a synthetic
viewpoint, condensation of pairs of amino acid residues to give
2,4-disubstituted oxazoles such as 7, followed by convergent
condensation to give tetra-serine building blocks such as 12,
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appeared to offer a practical and flexible strategy. Accordingly, an
efficient route to di-serine building blocks (Scheme 1) was devel-
oped based upon the Williams—Wipf cyclisation—dehydrogenation
protocol using (dimethylamino)sulfur trifluoride (DAST) followed
by treatment with BrCCl; and DBU.¢ N-Cbz-L-Ser (prepared from
L-serine and benzyl chloroformate in aqueous 2 M NaOH) was
protected using dimethoxypropane in the presence of p-TsOH as
catalyst to give acid 4 (57% over two steps) which, as its mixed
anhydride, was reacted with the hydrochloride salt of L-Ser-OMe
to give the di-serine derivative 5. This was cyclised using DAST at
—78 °C to give the oxazoline 6, which with BrCCl;-DBU afforded
the oxazole 7.

CbzN P CbzN
i, i
HO® O HN® O
MeO 5
4 © OH
o)

MeO\\e—J MeO

Scheme 1 Reagents and conditions: i, t-BuOCOCI, Et;N, CH,Cl,; ii,
L-serine methyl ester hydrochloride, —30 °C, 2.5 h, 95% over two steps; iii,
DAST, CH,Cl,, =78 °C, 2.5 h, 85%; iv, BrCCl;, DBU, CH,Cl,, —10 °C to
20 °C, 17 h, 92%.

Oxazole 7 was the common precursor of the di-serine building
blocks 8 and 9 (Scheme 2), which in a convergent strategy
afforded the advanced intermediates 11, 12 and 13 derived from
four serine sub-units. Acid-catalysed hydrolysis of the N,O-acetal
of 7 followed by hydrogenolysis of the Cbz group afforded
the amino alcohol 8. Alkaline hydrolysis of ester 7 afforded
the acid 9, which acylated 8 giving 10 without difficulty when
performed at —62 °C in DMF using benzyltriazol-1-yloxy-
tris(dimethylamino)phosphonium hexafluorophosphate (BOP) in
the presence of (i-Pr),NEt and 1-hydroxybenzotriazole (HOB?).
Cyclisation of amide 10 with DAST at —78 °C afforded oxazoline
11, which underwent dehydrogenation with BrCCl,—DBU to give
the oxazole 12. Alkaline hydrolysis of oxazole 12 afforded the
acid 13, which could also be used to acylate the amino group
of 8 using the BOP procedure, at —62 °C for this condensation.
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Scheme 2 Reagents and conditions: i, MeOH, p-TsOH, reflux 2.5 h; ii, H,, 10% Pd/C, 92% over two steps; iii, LIOH, THF-H,O (8 : 1), 50 °C, 17 h, 83%;
iv, BOP, (i-Pr),NEt, HOBt, DMF, —30 °C, 77%; v, DAST, CH,Cl,, —78 °C, 2.5 h, 79%; vi, BrCCl; (2 equiv.), DBU (4 equiv.), CH,Cl,, —10 °C to 20 °C,
17 h, 72%; vii, LIOH, THF-H,O (8 : 1), 60 °C, 17 h, 95%; viii, BOP, (i-Pr),NEt, HOBt, DMF, —62 °C, 40%.
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Scheme 3  Reagents and conditions: i, DAST, CH,Cl,,

The successive use of amines bearing unprotected hydroxymethyl
groups is a notable feature of the strategy, and permits iterative
assembly of polyoxazoles without the need for repeated protection
and deprotection.

A further round of acylation—cyclisation—-dehydrogenation was
successful: coupling acid 13 with amine 8 using the BOP procedure

—62 °C gave the amide 14, which cyclised with DAST to give
the oxazoline 15 (Scheme 3). Again, the internal oxazoline ring
could be dehydrogenated, and thus gave the penta-oxazole 2a.”
In addition to demarcating an approach to telomestatin (1), the
penta-oxazole 2a could also be reacted with oxazole 8, using
the protocol outlined, to furnish the Cg-symmetric octa-oxazole
analogue 16, which would provide a valuable comparison with the
natural product 1, especially in terms of their relative biological
effects on telomerase. The strategy permits regioselective intro-
duction of substituents at the 5-position of one or more oxazole
rings (as required), and thus a variety of analogues with which
to probe telomerase function. The synthetic route also provides
several linked polyoxazole systems of increasing complexity, but
derived from serine as the only amino acid.
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—78 °C, 2.5 h, 80%; ii, BrCCl; (22 equiv.), DBU (40 equiv.), CH,Cl,,

2a 16
—10°Ct020°C, 17 h, 68%.
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