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We report here that phenol derivatives with two and four quaternary ammoniums were synthesized and
their abilities to bind and cross-link DNA were investigated. Thermal denaturizing studies indicated
that derivatives possess similar DNA binding abilities and gel electrophoresis revealed that more
charges (series B) and electronic donation substitute linkers (like –S–) dramatically increase the DNA
cross-linking abilities.


Introduction


The DNA double helical structure contains the richest source
of information within a living organism. Its sequence codes
for protein synthesis, via the process of translation, and for
RNA synthesis.1 Therefore, DNA remains one of the major
targets for cytotoxic anticancer drugs. DNA interstrand cross-
links (ISC) induced by chemical agents play a very important
role in antitumor treatment.2 Bifunctional alkylating agents may
cause different lesions, show the most toxic of all alkylation events
and, ultimately, inhibit the processes of translation and replication.
Several important clinical drugs (e.g. cisplatin, chlorambucil, and
mitomycin C) are known to induce DNA ISC formation which
can disrupt cell maintenance and replication.2 The design of novel
dimeric agents targeting DNA has been developed by several
groups.2,3 Photochemical cross-linking agents are of particular
interest because such agents could be selectively activated both in
time and space, and then be released precisely when and where a
desired biological effect is wanted.4 The psoralens are the only class
of compounds known to induce ISC on photolysis.5 They have
been employed in clinics for the treatment of psoriasis, vitiligo,
and cutaneous T-cell lymphoma.6 Among these anti-tumor agents,
one acting mechanism was involved in o-quinone methide (o-QM,
Fig. 1a) intermediate. o-QM is a derivative of quinone methide
which has played important roles in organic syntheses and as well
as in chemical and biological processes.7 o-QMs are significant for
their nucleic acid bases and DNA alkylation.8 More recently, Wan’s
group,9 Freccero’s group10 and Kresge’s group11 have reported
significant findings on the generation of o-QMs by photochemical
and thermal activation in aqueous solution.
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Fig. 1 Structures of compound 2, 3, 4 and o-quinone methide intermedi-
ate 1.


In our previous study, we initially reported on a potent, water-
soluble and photo inducible DNA cross-linking agent (Fig. 1b).12


We found that cross-linking was achieved by mixing DNA with
the quaternary ammonium salt derivatives upon illumination. In
succession to our study, Freccero’s group had found compound
4 as an important precursor to cross-link DNA after photoac-
tivation. However, the structure relationship of the quaternary
ammonium derivatives’ binding to DNA has not yet been estab-
lished.


To gain a better understanding of the quaternary ammonium
derivative cross-linking of DNA under the prototype of compound
2, we synthesized two series of quaternary ammonium phenol
derivatives, and investigated the effect of different charges and
linkers on the DNA binding profile and cross-linking activity of
these new compounds.


Results and discussion


Synthesis of phenol derivatives with two quaternary ammonium
salts (series A)


Different biphenol derivatives were mixed with formaldehyde
and dimethylamine via a Mannich reaction (Scheme 1, series A)
and purification could be finished by silica gel chromatography
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Scheme 1 Synthesis of two and four quaternary ammonium derivatives.


using ethanol solvent; the appropriate white or buff powder
was obtained. Quaternary ammonium compounds 7a–m were
prepared by adding methyl iodide in a solvent of CH3CN and
then recrystallized from ether. All methylated compounds were
obtained in good yields.


Synthesis of phenol derivatives with four quaternary ammonium
salts (series B)


Compound 2 has two quaternary ammonium arms on different
phenol rings, and compound 3 has two quaternary ammonium
salts on the same phenol ring. They both have the ability to
cross-link DNA after photoactivation, via the intermediate of o-
quinone methide. Therefore, adding more quaternary ammonium
by increasing the number of positive charges might favour their
interaction with DNA and increase their ability to cross-link
DNA. Based on this ideas, we designed and synthesized a series of
compounds with four quaternary ammonium salts on the two
phenol rings, each ring has two quaternary ammonium arms
(Scheme 1, series B). This strategy has three advantages: (1)
increase the solubility of compound in water; (2) increase the
ability to bind the DNA backbone; (3) increase the yields to
produce o-quinone methide. Series B was synthesized by improv-
ing the reaction conditions. Precursors were treated with more
formaldehyde and dimethylamine (>10 equiv.), and the Mannich
reaction occurred on the both ortho-positions of hydroxyl to
obtain the compounds 8a–n.


Due to their prodigious polarity, 2,5,2′,5′-tetra(trimethylamine
methylene)-biphenol derivatives can only be separated in a co-
solvent of ethanol and triethylamine (10 : 1). The methylation
step was rather time-consuming, for the sake of gaining pure final
product; all the reactions were carried out over two weeks.


All the new compounds were fully characterized by 1H NMR,
13C NMR, HRESIMS or EI.


Table 1 X-ray crystallographic data for 7k


7k


Empirical formula C21H30I2N2O3·2.5H2O
Fw 657.31
Space group Orthorhombic, Fdd2
a/Å 21.868 (4)
b/Å 25.240 (4)
c/Å 9.6164 (16)
deg 90
V/D3 5307.8 (15)
Z 8
T/K 293 (2)
Wavelength 0.71073 (Å)
Final R indices R1 = 0.0468, wR2 = 0.1192


X-Ray analysis of compound 7k


The crystal data and structure of compound 7k are shown in
Table 1 and Fig. 2.† The angle between C(2)–C(1)–C(2A) (which
makes the whole molecule look like a claw) is around 119◦ and is
mainly due to the lone electron pair on the carbonyl between two
phenyl rings. The dihedral angle between two phenyl rings plane
is around 55◦, this twist is owed to the steric effect of the two
phenol rings, and makes the molecule fit better with the double
stranded DNA backbone. Two quaternary ammonium salt groups
are seated in the opposite direction. The distance between N (1)
to N (1A), O (2) to O (2A) are 11.458 and 10.105 Å, respectively.
From the crystal structure of compound 7k, we suggest that the
distance between two quaternary ammonium salt groups is long
enough to access the DNA base on the different strand. Also, there
is little possibility to block 7k interacting with DNA.


Fig. 2 ORTEP representation of 7k with hydrogen atoms omitted for
clarity. Thermal ellipsoids are drawn at the 30% probability level.


DNA cross-linking assay


The DNA cross-linking abilities of different compounds are
illustrated in Fig. 3 and 4. In our previous paper,12 compound
2 could cross-link DNA at a 1 lM level. In this paper, we
designed a series of compounds 7a–m, which have different linkers
between the phenol rings, DNA cross-links could be induced upon
illumination. Even at the concentration of 1 mM, compounds 7a–
m had poor DNA cross-linking abilities. Only 7b, 7d (line 3 and 5)
could cross-link linear DNA above 50% under these conditions, no
cross-linked DNA was observed in the case of compounds 7a, 7c,
7e, 7f, 7g, 7i and 7l (line 2, 4, 6, 7, 8, 10 and 13) (Fig. 3). Compounds
9a–n had been further modified with four quaternary ammonium


† CCDC reference number 230785. For crystallographic data in CIF
format see DOI: 10.1039/b604552a
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Fig. 3 Agarose gel electrophoresis of two biphenol quaternary ammo-
nium salts derivatives; (A) lane 1 1.5 lg lambda DNA/Hind III (molecular
weight standard); lane 2–14 1.0 lg pBR322 + 1 mM 7a–m + hv, 30 min.
(B) Cross-linking percents of different compounds (columns).


salts based on the structure of compounds 7a–m and 2. Apparently,
our design for compounds 9a–n with four positive charges could
increase the ability to cross-link DNA (Fig. 4). Compared to 2,
compound 9n slightly increased the DNA cross-linking ability
from 64.7 to 75.0%. Excepting compound 9a (line 4, 0%), all
the four quaternary ammonium salts dramatically increased the
DNA cross-linking ability compared to the derivatives with two
quaternary ammonium salts, respectively, even at a much lower
concentration (10 lM). Compound 9b induced 98.2% cross-
linking efficiently upon exposure to light for 30 min (lane 5).
From Fig. 4c, we can see that in most cases the compounds with
electron donating linkers have higher DNA cross-linking abilities
than those with electron withdrawing linkers, which suggests that
high electronic density might enhance the formation of o-quinone
methide formation. Among these factors, the number of charges
is the main factor to induce DNA cross-linking. Most of the
compounds with four quaternary ammonium salts can induce
more than 50% cross-linking at 10 lM, while most of the two
quaternary ammonium salts induced less than 50% cross-linking,
even at 1 mM. These results suggested that increasing the number
of quaternary ammonium salts could increase the chance to
generate o-QM, which is beneficial to DNA cross-linking ability.
From Fig. 4c, we can see that electron withdrawing substitute
linkers reduced the cross-linking efficiency. Compounds 9a, 9i
and 9k only induced 0, 1.1 and 0.8% cross-linking, respectively.
Electron donating linkers might have two advantages, one is to
favour the quaternary ammonium salts removal to generate o-
QM; the other might be to stabilize o-QM intermediate.16


Thermal denaturizing study


The DNA binding abilities for these quaternary ammonium salts
derivatives have been determined by thermal denaturation studies
using calf thymus DNA (CT-DNA).13 Interestingly, in this assay,
all the compounds elevate the helix melting temperature of CT-
DNA up to about 10 ◦C after incubation with drugs for 1 h.
(Table 2). The result indicated that all compounds fit DNA


Fig. 4 Agarose gel electrophoresis of compound 2 and four biphenol
quaternary ammonium derivatives; (A) lane 1 1.5 lg lambda DNA/Hind
III (molecular weight standard); lane 2–16 1.0 lg pBR322 + 10 lM 2, 9n,
9a–9m + hv, 30 min. (B) Cross-linking percents of different compounds
(columns). (C) The sequence of cross-linking ability of compound 2 and
different linker four biphenol quaternary ammonium salts in decreasing
order.


phosphate backbone quite well, and all compounds possess similar
DNA binding abilities.


Conclusion


Two series of different biphenol quaternary ammonium derivatives
with different linkers between the two phenyl rings have been
designed and prepared. We found that derivatives with four
quaternary ammonium salts, derivatives 9a–n, could efficiently
cross-link DNA compared to the compounds with two quaternary
ammoniums, derivatives 7a–m. DNA cross-linking by quaternary
ammonium salts can be obtained in two steps; first, compound
binding to DNA because of the electrostatic attraction between
quaternary ammonium ion and phosphate groups of the DNA
backbone, the second step is that the compound generates
o-QM intermediates by photo-irradiation and induces DNA
cross-linking. Thermal denaturation studies suggested that these
quaternary ammonium derivatives might possess similar DNA
binding abilities. In other words, the binding step contribution or
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Table 2 Thermal denaturizing data of series A and series B


Series A DTm
a ,b Series B DTm


7a 10.3 9a 10.4
7b 7.4 9b 8.9
7c 8.4 9c 10.5
7d 10.6 9d 10.4
7e 7.8 9e 9.3
7f 8.6 9f 8.4
7g 7.4 9g 8.2
7h 6.2 9h 8.1
7i 8.2 9i 8.5
7j 8.8 9j 8.1
7k 6.4 9k 6.2
7l 7.5 9l 6.6
7m 6.9 9m 6.4
2 11.5 9n 11.3


a For CT-DNA alone at pH 7.40 ± 0.01, Tm = 72.9 ± 0. 1, sodium
phosphate buffer [10 mM sodium phosphate + 1 mM EDTA, pH =
7.40 ± 0.01]. b For a 1 : 10 molar ratio of [drug] : [DNA], where CT-
DNA concentration = 10 lM and drug concentration = 1 lM in aqueous
sodium phosphate buffer [10 mM sodium phosphate +1 mM EDTA, pH =
7.40 ± 0.01].


structure–activity relationship study in these types of compounds
is small. The structure of compounds 9a and 9b were alike,
and 9a held the higher DTm. 9b could cross-link 98.2% DNA,
but 9a could not induce DNA cross-linking at all. This result
suggests that the structure of the linker is less important than
the electronic effect. Crystal analysis of 7k predicted a good
interaction potential, which was not verified by experiment. This
confirms that the electron effect might play the major role in
the formation of o-quinone methide. Our results indicated that
the number of quaternary ammonium salts and the linkers are
important factors to influence the DNA cross-linking efficiency.
These studies might raise new opportunities to design and
search more potent anti-tumor drugs based on their abilities to
DNA cross-link.


Experimental
1H and 13C NMR spectra were recorded on Varian Mercury 300
and 600 spectrometers. Chemical shifts were reported as values
relative to internal standards as CHCl3 or D2O. Mass spectra
were determined using Bruker Daltonics APEXII 47e. Elemental
analysis was recorded on PE-240 C. Super coiled pBR322 and CT
DNA was purchased from Dafeng Co. (China). All the drugs
and DNA were performed in 0.1 M phosphate buffer (pH =
7.7). 4,4′-Dihydroxyldipenyl and other derivatives were purchased
from Fischer Co. and TCI. All other chemicals and solvents were
commercial available.


General procedure 1: synthesis of two Mannich base phenol
derivatives 6a–m


Appropriate 4,4′-dihydroxydiphenol was dissolved in ethanol in
a round bottom flask and aqueous solutions of dimethylamine
(3.0 equiv., 33%) and formaldehyde (4.0 equiv., 37%) were added.
The reaction mixture was stirred overnight at room temperature.
The solvents were then evaporated under reduced pressure and
the crude product was subjected to silica gel chromatography with


ethanol. After evaporation of the solvents, the appropriate white
or buff powder was obtained.


2,2′-Dimethylaminemethylene-4,4′-sulfonyldiphenol (6a). Yield:
125 mg, 34%; Rf = 0.2 (ethanol) (the ratio of the distance of
migration by a substance compared with the solvent (ethanol
here) front); 1H NMR (CDCl3, 300 MHz) d 7.68 (d, J = 9.0 Hz,
2 H, ArH), 7.53 (s, 2 H, ArH), 6.84 (d, J = 8.4 Hz, 2 H, ArH),
3.67 (s, 4 H, –CH2–), 2.33 (s, 12 H, –CH3); 13C NMR (CDCl3,
150 MHz) d 162.53, 131.86, 128.61, 127.53, 121.93, 116.58, 62.22,
44.35; HRESIMS: m/z 365.1525 (calcd for C18H24O4N2S + H,
365.1535).


2,2′-Dimethylaminemethylenebis(4-hydroxyphenyl)sulfide (6b).
Yield: 240 mg, 14%; Rf = 0.2 (ethanol); 1H NMR (CDCl3,
300 MHz) d 7.12 (d, J = 4.2 Hz, 2 H, ArH), 6.96 (s, 2 H, ArH),
6.74 (d, J = 4.2 Hz, 2 H, ArH), 3.57 (s, 4 H, –CH2–), 2.31 (s,12 H,
–CH3); 13C NMR (CDCl3, 150 MHz) d 157.84, 132.26, 131.63,
125.48, 122.93, 117.16, 62.71, 44.68; HRESIMS: m/z 333.1625
(calcd for C18H24O2N2S + H, 333.1637).


2,2′-Dimethylaminemethylene-a,a′-bis(4-hydroxyphenyl)-1,4-di-
isopropylbenzene (6c). Yield: 310 mg, 13%; Rf = 0.2 (ethanol);
1H NMR(CDCl3, 300 MHz) d 7.07 (s, 4 H, ArH), 7.02 (d, J =
8.7 Hz, 2 H, ArH), 6.81 (s, 2 H, ArH), 6.70 (d, J = 8.7 Hz, 2 H,
ArH), 3.57 (s, 4 H, –CH2–), 2.30 (s, 12 H, –CH3),1.60 (s, 12 H,
–CH3); 13C NMR (CDCl3, 150 MHz) d 155.63, 147.96, 141.12,
127.11, 126.49, 126.12, 121.01, 115.27, 63.13, 44.53, 41.71, 30.94;
HRESIMS: m/z 461.3160 (calcd for C30H40O2N2 + H, 461.3168).


2, 2′ - Dimethylaminemethylene - 1,3 - bis(4 - hydroxyphenyloxyl)-
benzene (6d). Yield: 202 mg, 50%; Rf = 0.2 (ethanol); 1H NMR
(CDCl3, 300 MHz) d 7.15 (t, J = 8.1 Hz, 1 H, ArH), 6.88–6.84 (q,
2 H, ArH), 6.78 (d, J = 9.0 Hz, 2 H, ArH), 6.69 (d, J = 2.4 Hz, 2 H,
ArH), 6.56–6.53 (q, 2 H, ArH), 6.49 (t, J = 2.4 Hz,1 H, ArH), 3.60
(s, 4 H, –CH2–), 2.33 (s,12 H, –CH3), 13C NMR (CDCl3, 150 MHz)
d 160.27, 154.69, 148.14, 130.24, 123.00, 120.68, 120.48, 117.16,
110.95, 106.62, 62.68, 44.67; HRESI-MS: m/z 409.2124 (calcd for
C24H28O4N2 + H, 409.2127).


2,2′ - Dimethylaminemethylene - 2,2 - bis(4 - hydroxyphenyl)hexa-
fluoropropane (6e). Yield: 120 mg, 14%; Rf = 0.2 (ethanol); 1H
NMR (CDCl3, 300 MHz) d 7.14 (d, J = 8.1 Hz, 2 H, ArH),
6.96 (s, 2 H, ArH), 6.77 (d, J = 8.4 Hz, 2 H, ArH), 3.61 (s,
4 H, –CH2–), 2.32 (s, 12 H, –CH3); 13C NMR (CDCl3, 150 MHz)
d 158.46, 130.80, 129.93, 125.42, 123.77, 121.36, 115.59, 114.53,
62.88, 44.43; HRESIMS: m/z 451.1818 (calcd for C21H24O2N2F6 +
H, 451.1820).


2,2′-Dimethylaminemethylene-9,9-bis(4-hydroxyphenyl)fluorene
(6f). Yield: 464 mg, 50%; Rf = 0.2 (ethanol); 1H NMR (CDCl3,
300 MHz) d 7.73 (d, J = 7.2 Hz, 2 H, ArH), 7.36–7.30 (m, 4 H,
ArH), 7.26–7.22 (m, 2 H, ArH), 7.04–6.92 (m, 2 H, ArH), 6.72
(s, 2 H, ArH), 6.65 (d, J = 8.7 Hz, 2 H, ArH), 3.48 (s, 4 H,
–CH2–), 2.25 (s, 12 H, –CH3); 13C NMR (CDCl3, 150 MHz) d
156.80, 152.20, 140.12, 136.79, 128.81, 128.11, 127.77, 127.35,
126.27, 121.43, 120.22, 115.87, 64.33, 63.01, 44.65; HRESIMS:
m/z 465.2537 (calcd for C31H32O2N2 + H, 465.2542).


2,2′ - Dimethylaminemethylene - 4,4′ - (1 - a - methylbenzylidene)-
bisphenol (6g). Yield: 250 mg, 21%; Rf = 0.2 (ethanol);
1HNMR(CDCl3, 300 MHz) d 7.27–7.18 (m, 3 H, ArH), 7.09–7.06
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(dd, J = 1.5, 7.5 Hz, 2 H, ArH), 6.85–6.83 (t, 2 H, ArH), 6.72 (s,
2 H, ArH), 6.69 (d, 2 H, ArH), 3.55 (s, 4 H, –CH2–), 2.31 (s, 12 H,
–CH3), 2.11 (s, 3 H, –CH3); 13C NMR (CDCl3, 150 MHz) d 156.13,
150.23, 140.19, 129.23, 128.88, 128.65, 127.94, 125.94, 121.22,
115.31, 63.30, 51.28, 44.73, 30.95; HRESIMS: m/z 405.2530 (calcd
for C26H32O2N2 + H, 405.2542).


2,2′ - Dimethylaminemethylene - 1,1 - bis(4 - hydroxyphenyl)cyclo-
hexane (6h). Yield: 203 mg; 13%, Rf = 0.2 (ethanol); 1H NMR
(CDCl3, 300 MHz) d 7.04 (d, J = 8.4 Hz, 2 H, ArH), 6.79 (s, 2 H,
ArH), 6.72 (d, J = 8.4 Hz, 2 H, ArH), 3.57 (s, 4 H, –CH2–), 2.29
(s, 12 H, –CH3), 2.16 (s, 4 H, –CH2–), 1.49 (s, 6 H, –CH2–); 13C
NMR (CDCl3, 150 MHz) d 155.31, 139.46, 127.36, 127.08, 121.26,
115.41, 63.16, 44.95, 44.47, 37.52, 26.48, 22.96; HRESIMS: m/z
383.2689 (calcd for C24H34O2N2 + H, 383.2698).


2,2 ′ -Dimethylaminemethylenephenolphthalein (6i). Yield:
301 mg, 35%; Rf = 0.2 (ethanol); 1H NMR (CDCl3, 300 MHz) d
7.89 (d, J = 7.8 Hz, 1 H, ArH), 7.65 (m, 1 H, ArH), 7.53–7.46 (m,
2 H, ArH), 7.04–7.00 (m, 2 H, ArH), 6.91 (s, 2 H, ArH), 6.71 (d,
J = 4.5 Hz, 2 H, ArH), 3.55 (s, 4 H, –CH2–), 2.28 (s, 12 H, –CH3);
13C NMR (CDCl3, 150 MHz) d 170.20, 158.34, 152.86, 134.04,
131.30, 129.03, 127.82, 127.18, 125.83, 125.48, 124.04, 121.71,
115.71, 92.10, 62.67, 44.44; HRESIMS: m/z 433.2126 (calcd for
C26H28O4N2 + H, 433.2127).


2,2′-Dimethylaminemethylene-4,4′-dihydroxydiphenylether (6j).
Yield: 149 mg, 24%; Rf = 0.2 (ethanol); 1H NMR (CDCl3,
300 MHz) d 7.12 (d, J = 6.6 Hz, 2 H, ArH), 6.74 (d, J = 6.6 Hz, 2 H,
ArH), 6.60 (s, 2 H, ArH), 3.57 (s, 4 H, –CH2–), 2.31 (s, 12 H, –CH3);
13C NMR (CDCl3, 150 MHz) d (ppm) 153.62, 150.20, 122.98,
118.76, 118.74, 116.72, 63.12, 44.96. HRESIMS: m/z 317.1864
(calcd for C18H24O3N2 + H, 317.1860).


2,2′-Dimethylaminemethylene-4,4′-dihydroxybenzophenone (6k).
Yield: 279 mg, 42%; Rf = 0.2 (ethanol); 1H NMR (CDCl3,
300 MHz) d 7.58 (d, J = 8.4 Hz, 2 H, ArH), 7.51 (s, 2 H, ArH),
6.83 (d, J = 8.1 Hz, 2 H, ArH), 3.72 (s, 4 H, –CH2–), 2.38 (s,
12 H, –CH3). 13C NMR (CDCl3, 150 MHz) d 161.99, 131.86,
130.53, 129.13, 121.65, 115.42, 63.09, 45.16, 30.55. HRESIMS:
m/z 329.1867 (calcd for C19H24O3N2 + H, 329.1860).


2,2′-Dimethylamine methylene-4,4′-dihydroxydiphenylmethane
(6l). Yield: 197 mg, 31%; Rf = 0.2 (ethanol); 1H NMR (CDCl3,
300 MHz) d 6.96 (d, J = 8.1 Hz, 2 H, ArH), 6.76–6.69 (q, 4 H,
ArH), 3.77 (s, 2 H, ArH), 3.59 (s, 4 H, –CH2–), 2.32 (s, 12 H, –CH3).
13C NMR (CDCl3, 150 MHz) d 155.94, 131.91, 128.92, 128.68
121.82, 115.92, 63.49, 45.27, 40.92. HRESIMS: m/z 315.2069
(calcd for C19H26O2N2 + H, 315.2067).


2,2′-Dimethylaminemethylene-4,4′-isopropylidenediphenol (6m).
Yield: 82 mg, 12%; Rf = 0.2 (ethanol); 1H NMR (CDCl3, 300 MHz)
d 7.02–6.98 (m, 2 H, ArH), 6.74 (d, J = 8.1 Hz, 2 H, ArH),
6.70 (d, J = 8.1 Hz, 2 H, ArH), 3.55 (s, 4 H, –CH2–), 2.29 (s,
12 H, –CH3), 1.58 (s, 6 H, –CH3). 13C NMR (CDCl3, 150 MHz) d
155.62, 141.71, 126.97, 126.83, 121.25, 115.32, 63.49, 44.89, 41.89,
31.64. HRESIMS: m/z 343.2371 (calcd for (C21H30O2N2 + H),
343.2380).


General procedure 2: synthesis of 2,2′-bis(trimethylammoniummeth-
ylene)-4,4′-diphenol iodide derivatives 7a–m


6a–m was dissolved in CH3CN and CH3I (0.5 mL, 8.0 mmol)
added to the mixture. The reaction mixture was stirred in the
dark for one night. After adding 40 mL of absolute ether and the
product was precipitated and crude product was obtained. Finally,
pure product was obtained by crystallizing from ether.


2,2 ′ -Bis(trimethyl-ammoniummethylene)-4,4 ′-sulfonyldiphenol
iodide (7a). Yield: 98 mg, 76%; 1H NMR (D2O, 300 MHz)
d 7.82 (s, 2 H, ArH), 7.73 (d, J = 9.0 Hz, 2 H, ArH), 6.95(d,
J = 9.0 Hz, 2 H, ArH), 4.34 (s, 4 H, –CH2–),2.91 (s, 18 H,
–CH3); 13C NMR (D2O, 150 MHz) d 162.11, 134.05,131.97,
130.81,117.62,115.78, 63.26, 52.69; HRESIMS: m/z 521.0967
(calcd for C20H30O4N2SI2–I, 521.0971).


2,2′ -Bis ( trimethylammoniummethylene)bis (4-hydroxyphenyl)-
sulfide iodide (7b). Yield: 75 mg, 82%; 1H NMR (D2O, 300 MHz)
d 7.26 (s, 2 H, ArH), 7.23 (d, J = 8.4 Hz, 2 H, ArH), 6.80 (d,
J = 8.4 Hz, 2 H, ArH), 4.25 (s, 4 H, –CH2–), 2.88 (s, 18 H, –
CH3); 13C NMR (D2O, 150 MHz) d 156.48, 137.55, 135.84, 126.36,
117.62, 115.80, 63.74, 52.60; HRESIMS: m/z 489.1065 (calcd for
C20H30O2N2SI2–I, 489.1073).


2,2′ -Bis(trimethylammoniummethylene)-a,a′ -bis(4-hydroxyphe-
nyl)-1,4-diisopropylbenzene iodide (7c). Yield: 88 mg, 78%; 1H
NMR (D2O, 300 MHz) d 7.00 (d, J = 7.5 Hz, 4 H, ArH), 6.89 (s,
4 H, ArH) 6.66 (d, J = 7.2 Hz, 2 H, ArH) 4.16 (s, 4 H, –CH2–), 2.80
(s, 18 H, –CH3), 1.35 (s, 12 H, –CH3), 13C NMR (D2O, 150 MHz)
d 154.20, 148.31, 142.89, 132.93, 130.92, 126.53, 115.99, 113.89,
64.22, 52.46, 41.47,29.85; HRESIMS: m/z 617.2595 (calcd for
C32H46O2N2I2–I, 617.2604).


2,2′ -Bis(trimethylammoniummethylene)-1,3-bis(4-hydroxyphe-
nyloxyl) benzene iodide (7d). Yield: 28 mg, 67%; 1H NMR (D2O,
300 MHz) d 7.10 (t, J = 9.0 Hz, 1 H, ArH) 6.98 (d, J = 6.9 Hz,
4 H, ArH), 6.81 (d, J = 9.6 Hz, 2 H, ArH), 6.52 (d, J =
6.0 Hz, 2 H, ArH), 6.30 (s, 1 H, ArH), 4.23 (s, 4 H, –CH2–), 2.87
(s, 18 H, –CH3); 13C NMR (D2O, 150 MHz) d 159.44, 153.38,
148.34, 125.70, 124.54, 117.71, 115.56, 112.70, 111.74, 106.38,
63.79, 52.54; HRESIMS: m/z 565.1553 (calcd for C26H34O4N2I2–I,
565.1563).


2,2′ -Bis(trimethylammoniummethylene)-2,2-bis(4-hydroxyphe-
nyl)hexafluoropropane iodide (7e). Yield: 86 mg, 88%; 1H NMR
(D2O, 300 MHz) d 7.27 (d, J = 9.0 Hz, 2 H, ArH) 7.21 (s, 2 H,
ArH), 6.83 (d, J = 8.7 Hz, 2 H, ArH), 4.26 (s, 4 H, –CH2–), 2.85 (s,
18 H, –CH3); 13C NMR (D2O, 150 MHz) d 155.51, 134.17, 132.19,
122.99, 122.28, 121.10, 114.37, 112.63, 61.74, 50.54; HRESIMS:
m/z 607.1249 (calcd for C23H30O2N2F6I2–I, 607.1256).


2,2′ -Bis(trimethylammoniummethylene)-9,9-bis (4-hydroxyphe-
nyl)fluorene iodide (7f). Yield: 63 mg, 65%; 1H NMR (D2O,
300 MHz) d 7.73 (d, J = 7.5 Hz, 2 H, ArH), 7.30–7.25 (m,
4 H, ArH), 7.19–7.12 (m, 4 H, ArH), 6.84 (s, 2 H, ArH), 6.71
(d, J = 8.4 Hz, 2 H, ArH), 4.06 (s, 4 H, –CH2–), 2.78 (s, 18 H,
–CH3); 13C NMR (D2O, 150 MHz) d 155.49, 150.86, 139.56,
137.26, 133.36, 132.32, 128.37, 125.77, 120.79, 116.46, 114.12,
63.83, 63.37, 52.37; HRESIMS: m/z 621.1966 (calcd for
C33H38O2N2I2–I, 621.1978).
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2,2′ -Bis(trimethylammoniummethylene)-4,4′ -(1-a-methylbenzy-
lidene)bisphenol iodide (7g). Yield: 197 mg, 89%; 1H NMR (D2O,
300 MHz) d 7.09–7.05 (m, 3 H, ArH), 7.03–6.69 (m, 4 H, ArH),
6.82 (s, 2 H, ArH), 6.70 (d, J = 8.7 Hz, 2 H, ArH), 4.13 (s, 4 H,
–CH2–), 2.75 (s, 18 H, –CH3), 1.88 (s, 3 H, –CH3); 13C NMR (D2O,
150 MHz) d 153.81, 148.20, 140.07, 133.69, 131.65, 127.56, 127.44,
125.60, 115.07, 113.01, 63.24, 51.51, 49.98, 28.58; HRESIMS: m/z
561.1967 (calcd for C28H38O2N2I2–I, 561.1978).


2,2′ -Bis(trimethylammoniummethylene)-1,1-bis(4-hydroxyphe-
nyl)cyclohexane iodide (7h). Yield: 159 mg, 91%; 1H NMR (D2O,
300 MHz) d 7.18 (d, J = 8.4 Hz, 2 H, ArH), 7.10 (s, 2 H, ArH),
6.72 (d, J = 8.4 Hz, 2 H, ArH), 4.20 (s, 4 H, –CH2–), 2.82 (s, 18 H,
–CH3), 2.05 (s, 4 H, –CH2–), 1.27 (s, 6 H, –CH2–);13C NMR (D2O,
150 MHz) d 154.23, 132.92, 131.22, 116.34, 114.31, 64.28, 52.36,
44.40, 36.21, 25.74, 22.53; HRESIMS: m/z 539.2184 (calcd for
C26H40O2N2I2–I, 539.2135).


2,2′-Bis(trimethylammoniummethylene)phenolphthalein iodide
(7i). Yield: 65 mg, 78%; 1H NMR (D2O, 300 MHz) d 7.83 (d,
J = 3.6 Hz, 1 H, ArH), 7.72–7.68 (m, 1 H, ArH), 7.57–7.51 (m,
2 H, ArH), 7.24–7.21 (m, 2 H, ArH), 7.16 (d, J = 2.4 Hz, 2 H,
ArH), 6.84 (d, J = 8.4 Hz, 2 H, ArH), 4.26 (s, 4 H, –CH2–),2.88 (s,
18 H, –CH3); 13C NMR (D2O, 150 MHz) d 157.91, 151.99, 135.78,
133.21, 131.64, 131.23, 130.19, 126.13, 124.02, 116.87, 114.75,
92.51, 63.84, 55.22, 52.49, 35.81; HRESIMS: m/z 589.1558 (calcd
for C28H34O4N2I2–I, 589.1563).


2,2′-Bis(trimethylammoniummethylene)-4,4′-dihydroxydiphenyl-
ether iodide (7j). Yield: 78 mg, 90%; 1H NMR (D2O, 300 MHz) d
6.85–6.78 (m, 4 H, ArH), 6.78 (s, 2 H, ArH), 4.22 (s, 4 H, –CH2–),
2.87 (s, 18 H, –CH3); 13C NMR (D2O, 150 MHz) d 152.60, 150.19,
124.12, 122.96, 117.87, 115.74, 64.11, 52.91. HRESIMS: m/z
173.1119 (calcd for (C20H30O3N2I2 − 2I)/2), 173.1123).


2,2′ -Bis(trimethylammoniummethylene)-4,4′ -dihydroxylbenzo-
phenone iodide (7k). Yield: 349 mg, 62%; 1H NMR (D2O,
300 MHz) d 7.73 (s, 2 H, ArH), 7.68 (d, J = 8.7 Hz, 2 H, ArH),
6.99 (d, J = 8.1 Hz, 2 H, ArH), 4.43 (s, 4 H, –CH2–), 3.01 (s,
18 H, –CH3); 13C NMR (D2O, 150 MHz) d 161.16, 137.08, 135.12,
128.85, 116.19, 114.88, 64.13, 53.19. HRESIMS: m/z 179.1120
(calcd for (C21H30O3N2I2 − 2I)/2), 179.1123).


2,2′-Bis(trimethylammoniummethylene)-4,4′-dihydroxydiphenyl-
methane iodide (7l). Yield: 69 mg, 71%; 1H NMR (D2O,
300 MHz) d 7.13 (s, 2 H, ArH), 7.08 (m, 2 H, ArH), 6.78 (d, J =
8.7 Hz, 2 H, ArH), 4.22 (s, 4H, –CH2–), 3.64 (s, 2 H, –CH2–),
2.90 (s, 18H, –CH3). 13C NMR (D2O, 150 MHz) d 154.90, 134.65,
133.98, 132.97, 116.89, 114.69, 64.24, 52.77, 39.02. HRESIMS:
m/z 172.1222 (calcd for (C21H32O2N2I2 − 2I)/2), 172.1226).


2,2′ -Bis ( trimethylammoniummethylene)-4,4′ - isopropylidenedi-
phenol iodide (7m). Yield: 67 mg, 70%; 1H NMR (D2O, 300 MHz)
d 7.18 (d, J = 8.1 Hz, 2 H, ArH), 7.11(s, 2 H, ArH), 6.78 (d,
J = 8.7 Hz, 2 H, ArH), 4.31 (s, 4 H, –CH2–), 2.93 (s, 18 H, –
CH3), 1.56 (s, 6 H, –CH3); 13C NMR (D2O, 150 MHz) d 154.45,
143.09, 132.77, 131.20, 116.26, 114.23, 64.43, 52.63, 41.36, 29.93.
HRESIMS: m/z 172.1222 (calcd for (C23H36O2N2I2 − 2I)/2),
172.1226).


General procedure 3: synthesis of four Mannich base phenol
derivatives 8a–n


Appropriate 4,4′-dihydroxydiphenyl was dissolved in a solvent
of ethanol in a round bottom flask, and two kinds of aqueous
solutions of dimethylamine (10.0 equiv., 33%) and formalaldehyde
(10.0 equiv., 37%) were added, respectively. The reaction mixture
was kept at reflux for about 3 h and reaction was monitored by
TLC. After finished reaction, the solvents were evaporated under
reduced pressure and the crude product was subjected to silica
gel chromatography with ethanol and triethylamine (10 : 1). After
evaporated the solvent, the appropriate white or buff powder was
obtained.


2,5,2′,5′-Tetra(trimethylaminemethylene)-4,4′-sulfonyldiphenol
(8a). Yield: 370 mg, 77%; Rf = 0.15 (ethanol–triethylamine =
10 : 1); 1H NMR (CDCl3, 300 MHz) d 7.58 (s, 4 H, ArH), 3.55 (s,
8 H, –CH2–), 2.28 (s, 24 H, –CH3); 13C NMR (CDCl3, 150 MHz)
d 161.73, 131.57, 128.45, 124.14, 60.26, 45.04; HRESIMS: m/z
479.2686 (calcd for C24H38O4N4S + H, 479.2692).


2,5,2′,5′ -Tetra(trimethylaminemethylene)bis(4-hydroxyphenyl)-
sulfide (8b). Yield: 512 mg, 57%; Rf = 0.15 (ethanol–
triethylamine = 10 : 1); 1H NMR(CDCl3, 300 MHz) d 6.96 (s,
4 H, ArH), 3.43 (s, 8 H, –CH2–), 2.22 (s, 24 H, –CH3); 13CNMR
(CDCl3, 150 MHz) d 156.55, 132.10, 124.76, 124.33, 60.44, 45.05;
HRESIMS: m/z 447.2792 (calcd for C24H38O2N4S + H, 447.2794).


2,5,2′,5′ -Tetra(trimethylaminemethylene)-a,a′ -bis(4-hydroxy-
phenyl)-1,4-diisopropylbenzene (8c). Yield: 210 mg, 63% Rf =
0.15 (ethanol–triethylamine = 10 : 1); 1H NMR (CDCl3, 300 MHz)
d 7.05 (s, 4 H, ArH), 6.92 (s, 4 H, ArH), 3.61 (s, 8 H, –CH2–), 2.33
(s, 24 H, –CH3),1.62 (s, 12 H, –CH3);13CNMR (CDCl3, 150 MHz)
d 154.82, 148.23, 140.77, 128.09, 126.33, 121.55, 60.40, 44.64,
41.93, 31.11; HRESIMS: m/z 575.4323 (calcd for C36H54O2N4 +
H, 575.4325).


2,5,2′,5′-Tetra(trimethylaminemethylene)-1,3-bis(4-hydroxyphe-
nyloxyl)benzene (8d). Yield: 170 mg, 88%; Rf = 0.15 (ethanol–
triethylamine = 10 : 1); 1H NMR (CDCl3, 300 MHz) d 7.13 (t,
J = 8.7 Hz, 1 H, ArH), 6.78 (s, 4 H, ArH), 6.53 (d, J = 1.2 Hz,
2 H, ArH) 6.50 (s, 1 H, ArH), 3.55 (s, 8 H, –CH2–), 2.31 (s, 24 H,
–CH3); 13C NMR (CDCl3, 150 MHz) d 160.28, 153.55, 147.61,
130.22, 123.92, 121.12, 110.89, 106.77, 60.14, 44.85; HRESIMS:
m/z 523.3274 (calcd for C30H42O4N4 + H, 523.3284).


2,5,2′,5′-Tetra(trimethylaminemethylene)-2,2-Bis(4-hydroxyphe-
nyl)hexafluoropropane (8e). Yield: 300 mg, 72%; Rf = 0.15
(ethanol–triethylamine = 10 : 1); 1H NMR (CDCl3, 300 MHz)
d 7.01 (s, 4 H, ArH), 3.56 (s, 8 H, –CH2–), 2.30 (s, 24 H, –CH3);
13C NMR (CDCl3, 150 MHz) d 157.62, 131.13, 125.62, 123.72,
123.06, 122.68, 60.57, 44.87; HRESIMS: m/z 565.2977 (calcd for
C27H38O2N4F6 + H, 565.2977).


2,5,2′,5′-Tetra(trimethylaminemethylene)-9,9-bis(4-hydroxyphe-
nyl)fluorene (8f). Yield: 653 mg, 57%; Rf = 0.15 (ethanol–
triethylamine = 10 : 1); 1H NMR (CDCl3, 300 MHz) d 7.74 (d,
J = 8.4 Hz, 2 H, ArH), 7.34 (t, J = 8.1 Hz, 4 H, ArH), 7.24 (t,
J = 7.2 Hz, 4 H, ArH), 6.78 (s, 4 H, ArH), 3.43 (s, 8 H, –CH2–),
2.23 (s, 24 H, –CH3); 13C NMR (CDCl3, 150 MHz) d 155.65,
152.02, 139.89, 135.71, 129.00, 127.53, 127.12, 126.00, 121.97,
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120.01, 63.97, 60.31, 44.59; HRESIMS: m/z 579.3697 (calcd for
C37H46O2N4 + H, 579.3699).


2,5,2′,5′ -Tetra(trimethylaminemethylene)-4,4′ -(1-a-methylben-
zylidene)bisphenol (8g). Yield: 620 mg, 60%; Rf = 0.15 (ethanol–
triethylamine = 10 : 1); 1H NMR (CDCl3, 300 MHz) d 7.26–7.18
(m, 3 H, ArH), 7.05 (d, J = 7.2 Hz, 2 H, ArH), 6.66 (s, 4 H, ArH),
3.42 (s, 8 H, –CH2–), 2.22 (s, 24 H, –CH3), 2.09 (s, 3 H, –CH3); 13C
NMR (CDCl3, 150 MHz) d 155.00, 150.29, 139.32, 129.61, 128.85,
127.87, 125.86, 122.22, 60.90, 51.21, 44.99, 30.90; HRESIMS: m/z
519.3692 (calcd for C32H46O2N4 + H, 519.3699).


2,5,2′,5′-Tetra(trimethylaminemethylene)-1,1-bis(4-hydroxyphe-
nyl)cyclohexane (8h). Yield: 743 mg, 75%; Rf = 0.15 (ethanol–
triethylamine = 10 : 1); 1H NMR (CDCl3, 300 MHz) d 6.78 (s,
4 H, ArH), 3.41 (s, 8 H, –CH2–), 2.18 (s, 24 H, –CH3), 2.11 (s,
4 H, –CH2–), 1.42 (s, 6 H, –CH2–); 13C NMR (CDCl3, 150 MHz)
d 154.31, 138.88, 127.98, 122.62, 61.03, 45.04, 37.58, 26.71, 23.25;
HRESIMS: m/z 497.3853 (calcd for C30H48O2N4 + H, 497.3856).


2,5,2 ′,5 ′ -Tetra(trimethylaminemethylenephenolphthalein (8i).
Yield: 460 mg, 45%; Rf = 0.15 (ethanol–triethylamine = 10 : 1);
1H NMR (CDCl3, 300 MHz) d 7.90 (d, J = 7.8 Hz, 1 H, ArH),
7.66 (t, J = 7.5 Hz, 1 H, ArH), 7.52 (t, J = 6.6 Hz, 2 H, ArH),
6.90 (s, 4 H, ArH), 3.44 (s, 8 H, –CH2–), 2.22 (s, 24 H, –CH3);
13C NMR (CDCl3, 150 MHz) d 170.49, 157.26, 153.20, 134.25,
130.72, 129.18, 128.05, 126.03, 125.67, 124.22, 123.27, 92.47,
60.75, 45.21; HRESIMS: m/z 547.3284 (calcd for C32H42O4N4 +
H, 547.3284).


2,5,2′,5′ - Tetra(trimethylaminemethylene) - 4,4′ - dihydroxydiphe-
nylether (8j). Yield: 282 mg, 88%; Rf = 0.15 (ethanol–
triethylamine = 10 : 1); 1H NMR (CDCl3, 300 MHz) d 6.71 (s,
4 H, ArH), 3.58 (s, 8 H, –CH2–), 2.34 (s, 24 H, –CH3); 13C NMR
(CDCl3, 150 MHz) d 152.61, 149.69, 123.22, 119.61, 59.89, 44.58;
HRESIMS: m/z 431.3025 (calcd for C24H38O3N4 + H, 431.3022).


2,5,2′,5′ -Tetra(trimethylaminemethylene)-4,4′ -dihydroxybenzo-
phenone (8k). Yield: 371 mg, 72%; Rf = 0.15 (ethanol–
triethylamine = 10 : 1); 1H NMR (CDCl3, 300 MHz) d 7.51 (s, 4 H,
ArH), 3.57 (s, 8 H, –CH2–), 2.30 (s, 24 H, –CH3); 13C NMR (CDCl3,
150 MHz) d 195.13, 161.40, 131.78, 128.76, 123.09, 60.49, 45.09;
HRESIMS: m/z 443.3012 (calcd for C25H38O3N4 + H, 443.3022).


2,5,2′,5′ - Tetra(trimethylaminemethylene) - 4,4′ - dihydroxydiphe-
nylmethane (8l). Yield: 118 mg, 69%; Rf = 0.15 (ethanol–
triethylamine = 10 : 1); 1H NMR (CDCl3, 300 MHz) d 6.79 (s,
4 H, ArH), 3.74 (s, 2 H, –CH2–), 3.48 (s, 8 H, –CH2–) 2.26 (s, 24 H,
–CH3); 13C NMR (CDCl3, 150 MHz) d 154.77, 131.44, 129.22,
122.94, 60.34, 44.80, 40.14; HRESIMS: m/z 429.3228 (calcd for
C25H40O2N4 + H, 429.3229).


2,5,2′,5′ -Tetra(trimethylaminemethylene)-4,4′ -isopropylidenedi-
phenol (8m). Yield: 230 mg, 77%; Rf = 0.15 (ethanol–
triethylamine = 10 : 1); 1H NMR (CDCl3, 300 MHz) d 6.81 (s,
4 H, ArH), 3.46 (s, 8 H, –CH2–), 2.24 (s, 24 H, –CH3), 1.59 (s, 6 H,
–CH3); 13C NMR (CDCl3, 150 MHz) d 154.53, 141.09, 127.59,
122.39, 60.86, 45.00, 41.63, 31.38; HRESIMS: m/z 457.3530 (calcd
for C27H44O2N4 + H, 457.3543).


2,5,2′,5′ - Tetra(trimethylaminemethylene) - 4,4′ - dihydroxydiphe-
nyl (8n). Yield: 331 mg, 24%; Rf = 0.15 (ethanol–triethyl-
amine = 10 : 1); 1H NMR (CDCl3, 300 MHz) d 7.26 (s, 4 H,


ArH), 3.69 (s, 8 H, –CH2–), 2.37 (s, 24 H, –CH3); 13C NMR
(CDCl3, 150 MHz) d 156.00, 131.21, 127.66, 122.13, 59.65,
44.215; HRESIMS: m/z 415.3062 (calcd for C24H38O2N4 + H,
415.3073).


General procedure 4: synthesis of 2,5,2′,5′ - tetra ( trimethylammo-
niummethylene)-4,4′-dihydroxydiphenyl iodide derivatives 9a–n


8a–n was dissolved in CH3CN and CH3I (5.0 mL, 80 mmol) was
added to the mixture. The reaction mixture was stirred in the
dark for about two weeks. After removed the solvent by reduced
pressure evaporated and crude product was obtained. Finally, pure
product was obtained by crystallizing from ether.


2,5,2′,5′ - Tetra ( trimethylammoniummethylene ) - 4,4′-sulfonyldi-
phenol iodide (9a). Yield: 86 mg, 82%; 1H NMR (D2O, 300 MHz)
d 7.97 (s, 4 H, ArH), 4.47 (s, 2 H, –CH2–), 4.40 (s, 6 H, –CH2–
), 3.01 (s, 9 H, –CH3), 2.95 (s, 27 H, –CH3); 13CNMR (D2O,
150 MHz) d 137.29, 136.54, 127.34, 125.08, 119.32, 64.12, 63.31,
53.07, 52.74; anal. found: C, 31.39; H, 4.74; N, 5.18; calcd for
C28H50O4N4I4S·H2O: C, 31.59; H, 4.92; N, 5.26%.


2,5,2′,5′-Tetra(trimethylammoniummethylene)bis(4-hydroxyphe-
nyl)sulfide iodide (9b). Yield: 123 mg, 90%; 1H NMR (D2O,
300 MHz) d 7.47 (s, 4 H, ArH), 4.34 (s, 8 H, –CH2–), 2.88 (s,
36 H, –CH3); 13C NMR (D2O, 150 MHz) d 157.36, 140.50, 140.11,
119.64, 63.74, 52.77; anal. found: C, 31.56; H, 5.18; N, 5.36; calcd
for C28H50O2N4I4S·3H2O: C, 31.47; H, 5.28; N, 5.24%.


2,5,2′,5′-Tetra(trimethylammoniummethylene)-a,a′-bis(4-hydro-
xyphenyl)-1,4-diisopropylbenzene iodide (9c). Yield: 96 mg, 87%;
1H NMR (D2O, 300 MHz) d 7.20 (s, 4 H, ArH), 7.01 (s, 4 H, ArH),
4.28 (s, 8 H, –CH2–), 2.80 (s, 36 H, –CH3), 1.42 (s, 12 H, –CH3);13C
NMR (D2O, 150 MHz) d 157.61, 148.32, 136.07, 126.85, 117.95,
64.42, 52.64, 41.80, 29.68; anal. found: C, 39.62; H, 6.37; N, 5.20;
calcd for C40H66O2N4I4.4H2O·0.5CH3CN: C, 39.87; H, 6.16; N,
5.10%.


2,5,2′,5′ -Tetra(trimethylammoniummethylene)-1,3-bis(4-hydro-
xyphenyloxyl)benzene iodide (9d). Yield: 55 mg, 88.5%; 1H NMR
(D2O, 300 MHz) d 7.03 (s, 4 H, ArH), 6.96 (t, J = 8.7 Hz, 1 H,
ArH), 6.52 (s, 1 H, ArH), 6.39 (d, J = 7.5 Hz, 2 H, ArH), 4.19
(s, 8 H, –CH2–), 2.74 (s, 36 H, –CH3), 13C NMR (D2O, 150 MHz)
d 158.56, 152.81, 149.94, 131.24, 128.07, 120.06, 113.17, 109.03,
63.80, 52.75; anal. found: C, 36.35; H, 5.31; N, 4.64; calcd for
C34H54O4N4I4·3H2O·0.5C2H5OC2H5: C, 36.59; H, 5.54; N, 4.74%.


2,5,2′,5′ -Tetra(trimethylammoniummethylene)-2,2-Bis(4-hydro-
xyphenyl)hexafluoropropane iodide (9e). Yield: 45 mg, 74%; 1H
NMR (D2O, 300 MHz) d 7.51 (s, 4 H, ArH), 4.42 (s, 8 H, –CH2–),
2.88 (s, 36 H, –CH3);13C NMR (D2O, 150 MHz) d 161.35, 141.82,
139.67, 127.28, 121.47, 121.16, 66.29, 55.57; anal. found: C, 31.71;
H, 4.61; N, 4.82; calcd for C31H50O2N4I4F6·2H2O: C, 31.86; H,
4.66; N, 4.79%.


2,5,2′,5′-Tetra(trimethylammoniummethylene)-9,9-bis(4-hydrox-
yphenyl)fluorene iodide (9f). Yield: 64 mg, 81%; 1H NMR (D2O,
300 MHz) d 7.74 (d, J = 7.5 Hz, 2 H, ArH), 7.36–7.25 (m,
8 H, ArH), 7.15 (m, 2 H, ArH), 4.26 (s, 8 H, –CH2–), 2.83
(s, 36 H, –CH3); 13C NMR (D2O, 150 MHz) d 155.89, 150.11,
139.72, 138.55, 137.01, 128.78, 128.63, 125.55, 121.17, 118.66,
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63.67, 63.26, 52.79; anal. found: C, 40.07; H, 5.80; N, 4.60; calcd
for C41H58O2N4I4·5H2O: C, 39.82; H, 5.54; N, 4.53%.


2,5,2′,5′-Tetra(trimethylammoniummethylene)-4,4′-(1-a-methyl-
benzylidene)bisphenol iodide (9g). Yield: 111 mg, 66%; 1H NMR
(D2O, 300 MHz) d 7.18 (s, 4 H, ArH), 7.14–7.07 (m, 5 H, ArH),
4.32 (s, 8 H, –CH2–), 2.83 (s, 36 H, –CH3), 2.00 (s, 3 H, –CH3); 13C
NMR (D2O, 150 MHz) d 155.09, 148.00, 142.02, 137.65, 128.58,
128.40, 126.93, 118.01, 64.06, 52.67, 51.16, 29.49; anal. found: C,
37.63; H, 5.49; N, 4.81; calcd for C36H58O2N4I4·3.5H2O: C, 37.61;
H, 5.69; N, 4.87%.


2,5,2′,5′ -Tetra(trimethylammoniummethylene)-1,1-bis(4-hydro-
xyphenyl)cyclohexane iodide (9h). Yield: 98 mg, 91%; 1H NMR
(D2O, 300 MHz) d 7.34 (s, 4 H, ArH), 4.34 (s, 8 H, –CH2–), 2.84 (s,
36 H, –CH3), 2.10 (s, 4 H, –CH2–), 1.28 (s, 6 H, –CH2–);13C NMR
(D2O, 150 MHz) d 154.37, 141.89, 136.49, 118.32, 64.19, 52.65,
44.93, 36.37, 25.61, 22.52; anal. found: C, 36.68; H, 5.71; N, 4.99;
calcd for C34H60O2N4I4·3H2O: C, 36.51; H, 5.94; N, 5.00%.


2,5,2′,5′ - Tetra ( trimethylammoniummethylene ) phenolphthalein
iodide (9i). Yield: 46 mg, 53%; 1H NMR (D2O, 300 MHz) d 7.79
(d, J = 3.6 Hz, 2 H, ArH) 7.64 (d, J = 3.6 Hz, 2 H, ArH), 7.49–7.44
(m, 4 H, ArH), 4.34 (s, 8 H, –CH2–), 2.84 (s, 36 H, –CH3); 13C NMR
(D2O, 150 MHz) d 171.85,157.66, 151.37, 136.50, 136.18, 132.92,
130.67, 126.56, 124.13, 123.66, 118.76, 90.89, 63.52, 52.80; anal.
found: C, 35.52; H, 5.50; N, 4.59; calcd for C36H54O4N4I4·6H2O:
C, 35.37; H, 5.44; N, 4.58%.


2,5,2′,5′-Tetra(trimethylammoniummethylene)-4,4′-dihydroxydi-
phenylether iodide (9j). Yield: 311 mg, 89%; 1H NMR (D2O,
300 MHz) d 7.53 (s, 4 H, ArH), 4.42 (s, 8 H, –CH2–), 2.95 (s,
36 H, –CH3); 13C NMR (D2O, 150 MHz) d 152.93, 150.73, 127.67,
120.46, 63.94, 53.10; anal. found: C, 31.80; H, 5.51; N, 5.16; calcd
for C28H50O3N4I4·3.5H2O: C, 31.68; H, 5.54; N, 5.28%.


2,5,2′,5′ - Tetra(trimethylammoniummethylene) - 4,4′ - dihydroxy-
benzophenone iodide (9k). Yield: 356 mg, 78%; 1H NMR (D2O,
300 MHz) d 7.95 (s, 4 H, ArH), 4.54 (s, 8 H, –CH2–), 3.03 (s,
36 H, –CH3); 13C NMR (D2O, 150 MHz) d 195.58, 162.17, 139.84,
129.89, 118.42, 63.92, 53.03; anal. found: C, 32.56; H, 5.40; N,
5.01; calcd for C29H50O3N4I4·3.5H2O: C, 32.45; H, 5.35; N, 5.22%.


2,5,2′,5′-Tetra(trimethylammoniummethylene)-4,4′-dihydroxydi-
phenylmethane iodide (9l). Yield: 160 mg, 86%; 1H NMR (D2O,
300 MHz) d 7.38 (s, 4 H, ArH), 4.44 (s, 8 H, –CH2–), 3.94 (s,
2 H, –CH2–), 2.97 (s, 36 H, –CH3); 13C NMR (D2O, 150 MHz) d
154.97, 137.97, 134.95, 118.76, 64.17, 52.83; anal. found: C, 35.02;
H, 6.04; N, 4.87; calcd for C29H52O2N4I4. 3H2O·C2H5OC2H5: C,
35.25; H, 6.09; N, 4.98%.


2,5,2′,5′-Tetra(trimethylammoniummethylene)-4,4′-isopropylide-
nediphenol iodide (9m). Yield: 207 mg, 77%; 1H NMR (D2O,
300 MHz) d 7.38 (s, 4 H, ArH), 4.45 (s, 8 H, –CH2–), 3.035–2.955
(d, 36 H, –CH3), 1.58 (s, 6 H, –CH3); 13C NMR (D2O, 150 MHz)
d 154.58, 144.04, 136.20, 118.26, 64.20, 52.83, 41.86, 30.03; anal.
found: C, 34.36; H, 6.11; N, 4.90; calcd for C31H56O2N4I4. 4H2O.
0.25C2H5OC2H5: C, 34.47; H, 6.01; N, 5.02%.


2,5,2′,5′-Tetra(trimethylammoniummethylene)-4,4′-dihydroxydi-
phenyl iodide (9n). Yield: 76 mg, 71%; 1H NMR (D2O, 300 MHz)
d 7.59 (s, 4 H, ArH), 4.44 (s, 8 H, –CH2–), 2.93 (s, 36 H, –CH3);
13C NMR (D2O, 150 MHz) d 156.28, 136.17, 132.98, 119.05,


64.18, 53.03; anal. found: C, 32.94; H, 5.41; N, 5.42; calcd for
C28H50O2N4I4. 2H2O: C, 33.02; H, 5.34; N, 5.50%.


Crystallographic data collection


Compound crystals were grown up by slow evaporation of
methanol for one month. A single crystal was picked up for X-
ray analysis. Data for the X-ray structures was recorded using
a Bruker Smart APEX equipped with a CCD detector in the
c range of 2.36 to 26.00◦. The structure was solved by the
direct method in conjunction with standard difference Fourier
techniques. Hydrogen atoms were placed in calculated positions
using a standard riding model and were refined isotropically.


Alkaline agarose gel electrophoresis assay


To test DNA–DNA cross-linking ability of these compounds, we
used linear plasmid DNA by denaturing alkaline agarose gel
electrophoresis reported by Cech14 and William.15 The duplex
DNA linearized by restriction endonuclease digestion with EcoR
I. DNA cross-linking experiments were carried out in phosphate
buffer (pH = 7.7). Samples were exposed to a 50 W high pressure
mercury lamp placed 20 cm away at 25 ◦C. The crude reaction
mixtures were loaded onto a denaturing 0.9% alkaline agarose
gel. Lambda Hind III was employed as a molecular weight marker.
The gel was subsequently stained in an ethidium bromide solution
(100 lL of a 10 mg mL−1 ethidium bromide solution in 1 L of 1 M
Tris–1.5 M NaCl buffer at pH = 7.5) for 1 h. Gels were visualized
by UV and photographed using Vilber Lourmat video system.


Thermal denaturation study


The concentrations of CT DNA were determined spectrophoto-
metrically from appropriate molar absorptivity values and calcu-
lated using a molar absorptivity of 6600 mol L−1 cm−1 at 260 nm.
In order to test the interaction between drug molecules with DNA,
the melting curves were recorded at different compounds to CT
DNA by following the absorption change at 260 nm as a function
of temperature with a heating rate of 1.0 ◦C min−1. Tm values were
determined from the maximum of the first derivative or from the
graphs at the mid point of the transition curves. DTm values were
calculated as usual13 by subtracting the Tm of the free nucleic acid
from the Tm of the complex.
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We recently described the design and synthesis of a novel CD4 binding peptidomimetic as a potential
HIV entry inhibitor with a KD value of ∼35 lM and a high proteolytic stability [A. T. Neffe and
B. Meyer, Angew. Chem., Int. Ed., 2004, 43, 2937–2940]. Based on saturation transfer difference (STD)
NMR analyses and docking studies of peptidomimetics we now report the rational design, synthesis,
and binding properties of 11 compounds with improved binding affinity. Surface plasmon resonance
(SPR) resulted in a KD = 10 lM for the best peptidomimetic XI, whose binding affinity is confirmed by
STD NMR (KD = 9 lM). The STD NMR determined binding epitope of the ligand indicates a very
similar binding mode as that of the lead structure. The binding studies provide structure activity
relationships and demonstrate the utility of this approach.


Introduction


The first step in the infection of a human cell with HIV is the
interaction between the viral envelope glycoprotein gp120 and
human CD4.1 After this event, gp120 interacts with a coreceptor,2


normally CCR5 or CXCR43 to infect the human cell.4 The three
main classes of clinical anti HIV drugs, i.e. nucleoside reverse tran-
scriptase inhibitors (NRTIs), non nucleoside reverse transcriptase
inhibitors (nNRTIs), and protease inhibitors (PIs) inhibit viral
replication after infection of the cell.5 Despite advances in HIV
treatment,6 none of these drugs nor their combination can finally
cure HIV infection.7 Due to the high mutation rate of HIV and the
resulting resistance against drug treatment,8 new classes of drugs
have to be developed.9


A promising concept is the inhibition of one of the interac-
tions resulting in membrane fusion.10 These—so called—entry
inhibitors could assist in HIV treatment as is demonstrated by the
success of fuzeon (enfuvirtide, T20).11 Likewise, other compounds
preventing receptor or coreceptor binding of the virus could
potentially be utilized as HIV medication.12


Targeting the interaction of gp120 with CD4, others developed
gp120 or antibody related peptides,13 or gp120 binding molecules.14


The approach of developing CD4 ligands might potentially
interfere with the human immune system, as CD4 plays an
important role in the binding of MHC class II proteins to T cell
receptors.15 The region on the CD4 protein that binds to gp120
is overlapping the one that binds to the MHC class II proteins.16


However, the contact area of the gp120–CD4 interaction is much
larger (and therefore stronger) than that of the CD4–MHC class
II protein interaction.17


On the other hand, blocking the CD4 protein on the human cell
is much less likely to cause viral resistance. In order to become
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resistant to a CD4 binding drug, the virus would have to switch
to a totally different entry mechanism to infect macrophages and
T-cells. However, this is not very probable as it would require the
mutation of many amino acids simultaneously forcing the virus to
establish a new and highly efficient entry mechanism.


We reported a peptidomimetic compound I (cf. Fig. 1),18 derived
from the known CD4 binding peptide NMWQKVGTPL that
shows an antiviral activity in an HIV proliferation assay.19 This
was achieved by eliminating all amino acids of the lead compound
that do not contribute to binding, i.e. asparagine, methionine,
and glutamine. The two hydrophobic amino acids tryptophane
and leucine were replaced by generic hydrophobic non amino
acid residues. Additionally, non peptidic linkages have been
incorporated. I shows a 170 fold stronger binding (KD = 35 lM)
to CD4 than the original peptide, a 4–5 times higher proteolytic
stability, and a lower molecular weight of ≈800 compared to
the lead peptide. Therefore, I has much better pharmacological
properties compared to the lead decapeptide NMWQKVGTPL.


Here we describe the optimization of the pharmacological
properties of this class of compounds. Starting from the lead
peptide we docked about 85 peptidomimetics that were created
by changing one residue at a time to test for the optimal residues
at each position. Of these, eleven compounds were chosen for
synthesis and nine of them were fully characterized by 2D
NMR techniques. The binding affinities of all substances to
CD4 were determined by surface plasmon resonance (SPR), the
best compound in this assay was also analyzed with saturation
transfer difference (STD) NMR for its KD and binding epitope.
The combined results gave information about structure activity
relationships.


Results and discussion


Docking


Extensive docking studies were performed using the program
Flexidock of the Sybyl (version 6.9) software package (Tripos,
Inc.). Due to the simplifications of the docking procedure, e.g.
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Fig. 1 a) The template on which the design of the newly synthesized peptidomimetics is based. The peptidomimetics consist of a core pentapeptide
carrying non-peptidic, hydrophobic residues on the N- and C-termini. b) Structure of the peptidomimetic I with a KD = 35 lM.


no consideration of solvent effects, the calculated binding energies
can only be regarded as semi quantitative indicators of the binding
affinity. The docked model of I (Fig. 2) served as starting position
for docking studies of other ligands. First the corresponding
functional group(s) were replaced and, subsequently, the resulting
structures were minimized for a short period each. The docking
results were interpreted in terms of the existing experimental data,
like X-ray analyses, STD NMR, and binding studies for related
compounds.


In the docking process, we studied different aromatic residues,
different linkages between the aromatics and the core peptide,
as well as different amino acids forming the core of the pep-
tidomimetics (cf. Fig. 1a) to improve the affinity of I. The N-
terminal linker and the aromatic residues were selected during
the design phase of the template without consideration of the
cyclohexylcarbamoyl subunit at the C-terminus. After selection
the complete peptidomimetics were docked and their energy
evaluated.


A variety of aromatic ring systems, selected by similarity
search in the available chemicals directory (ACD), were docked
to potentially improve the effect of the b-naphthyl residue.
Compounds with a quinolyl and 4-methylcoumarin group on the
N-terminus showed calculated binding affinities close to that of
the original aromatic b-naphthyl system and were therefore chosen
for synthesis, as was the a-naphthyl derivative to elucidate the
ideal substitution pattern at the aromatic ring (cf. II, III and


IV, Chart 1). Compounds with an isoquinoline, benzodiazole,
benzothiazole, indole, or biphenyl group on the N-terminus
did not show favorable interactions with CD4 in the docking
experiments (details see supporting information†).


We also varied the linkers of the peptidomimetics that connect
the core peptide and the aromatic ring (cf. Fig. 3). The best
interaction energies were observed for the oxyacetic acid linker
1 and for similar longer linkers 6a and 7, cf. Table 1. Because of


Fig. 3 Different types of linkers analyzed in the docking.


Fig. 2 Stereo view of the docked ligand I shown as ball and stick on the surface of the CD4 protein (green). The excellent complementarity of the surface
to the ligand is clearly visible.
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Chart 1 Structures of the peptidomimetics II–XII.


Table 1 Calculated binding energies of the ligand–protein complexes of
peptidomimetics with different linkages and energy differences relative to
the oxyacetic acid linker


Linker Energy/kcal mol−1 DE/kcal mol−1


1 −274 0
2 −264 10
3 −261 13
4 −258 16
5a — —
6a −292 −18
7 −290 −16


a For this compound, no binding energy could be determined, because of
spatial separation of the ligand protein complex during docking.


these findings and the ease of synthesis, an amide bond between
the core and the aromatic residue was chosen for synthesis. The
three atom linker of 1 seemed to be a good compromise between
the right distance and flexibility, even though the longer linkers
gave a better score. To validate this hypothesis, two compounds
with the linkers 5 and 6b were synthesized (cf. V and VI). 6b was
chosen as it was commercially available contrary to 6a.


The lysine of the peptidomimetic I shows a tight interaction
with Asp63 of CD4 in docking experiments (Fig. 4). Side chains
without a terminal basic functional group at this position lead to a
complete loss of the binding affinity. Therefore, histidine, arginine
and citrulline were tested as potential replacements for the lysine
residue. The side chain of histidine is too short to interact with
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Fig. 4 Stereo view of the interaction of the lysine, valine and glycine
of I (ball and stick) with CD4 (shown as a surface with the patches of
the surface carrying the color of the associated atoms; red: oxygen, blue:
nitrogen, cyan: hydrogen, white: carbon).


Asp63. Arginine and citrulline were estimated to have roughly equal
binding energies, despite having different pKB values. We decided
to synthesize the citrulline containing compound, because of the
expected higher proteolytic stability (cf. VII, Chart 1).


Valine fits into a hydrophobic cavity formed of Trp62, Ser42,
Phe43, Arg59, Ser60, and Ser23 (Fig. 4). To some degree this cavity is
flexible and there may be place for bigger hydrophobic residues.20


Therefore, a peptidomimetic in which cyclohexylglycine (Chg)
substitutes for valine was synthesized (cf. VIII, Chart 1).


The glycine does not show a direct interaction with CD4 in
the STD NMR experiments of I. Therefore, it was an obvious
candidate for substitution (Fig. 4). An alanine substitution leads to
a reduced calculated binding affinity. Alternatively, peptidomimet-
ics containing amino acids with a basic (histidine) and an acidic
(glutamate) side chain in this position were docked. While the
incorporation of histidine resulted in a lower calculated binding
affinity, glutamate increases the calculated binding affinity because
of a possible interaction with Ser60 of the CD4 (cf. X, Chart 1).
Since the amidic proton of glycine is not participating in hydrogen
bonding to CD4, the substitution with sarcosine should not have
a significant influence on the binding energy but could increase
proteolytic stability (cf. IX, Chart 1).


Interactions of threonine and prolinol with CD4 are predicted
by Flexidock (cf. Fig. 5). All attempts to substitute the threonine
residue led to a worse binding energy. The in silico alanine scan of
the lead peptide showed that substitution of proline with alanine
resulted in a better binding energy. Therefore, we replaced prolinol
with alaninol (cf. XI, Chart 1).


Fig. 5 Stereo view of threonine and proline of I binding to CD4 in the
docking. The intensity of the proline Hb protons observed in the epitope
mapping is not explained by this model.


Synthesis and characterization


Chart 1 shows all synthesized peptidomimetics. All building
blocks were purchased in the highest possible purity. (8′-
Quinolyloxy)acetic acid, (1′-naphthyloxy)acetic acid, and (6′-(4′-
methyl)coumarinyloxy)acetic acid were synthesized by Williamson
ether synthesis of the respective aromatic alcohol and bromo acetic
acid.21 The peptidomimetics were synthesized in parallel, following
the published procedure as shown in Scheme 1 for I.18 The solid
phase synthesis gave yields for the unpurified primary alcohol
of 20–35% (equivalent to 72–80% per coupling–deprotection
cycle). The relatively low yields are due to problematic coupling
reactions connecting to the sterically demanding prolinol and
valine residues, respectively. The carbamates at the C-terminus
were formed in 62–80% yield. Deprotection and RP-HPLC
purification resulted in overall yields of 1–7% of isolated product,
respectively. XII (Chart 1) was the result of an incomplete coupling
of the isocyanate22 and was also tested for binding affinity. For the
peptidomimetic I, two stable conformers could be detected by
2D NMR spectra.18 The same findings were obtained for II–X.
However, this equilibrium was not observed for XI and XII which
both have an alaninol subunit substituting for the prolinol. This
reinforces the assumption that the conformers are the cis and trans
rotamers, respectively, of the threonine prolinol amide bond.


Scheme 1 Synthesis of the peptidomimetics as exemplified for I.


SPR analysis


The KD-values of all substances have been determined by SPR. The
compounds were passed over a Biacore CM5 chip with immobi-
lized CD4. About 53 fmol (44 fmol for V and VI, respectively) of
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Fig. 6 Fit of the SPR data points to a one site binding model of the
compounds IV (KD = 26 lM) and XI (KD = 10 lM). The data show the
results from two independent concentration dependent SPR experiments.
Response units (RU) given by the SPR experiment are directly correlated
to the amount of ligand bound (1 RU is approximately equivalent to 1 pg
of substance).


CD4 were active after immobilization. A concentration dependent
binding assay with 4, 6, 8, 10, 12, 16, 20, 25, 30, 50, 100, 500 and
1000 lM of the corresponding ligand in buffer was performed. The
data points of the lower concentrations of all ligands can be fitted
to a one-site binding model, while for higher concentrations a
linear correlation of the binding affinity with the concentration
was found. This behaviour indicates a non specific (i.e. non
saturable) binding, resulting from secondary binding sites on the
protein of very low affinity or aggregation of the ligands at higher
concentrations. KD values were therefore determined only with the
data points following a saturable binding behaviour. Regression
of these data points using a one-site binding model to eqn (3)
yielded the binding constants. All data are presented in Table 2.
The results of the binding assays for IV and XI are depicted in
Fig. 6, the others are shown in the supporting information†. In
general, the fit is good, with exception of VI, whose data points
have a great variance (see supporting information†).


The best compound in this assay, XI, has a KD value of 10 lM,
which is about 4-fold better than that of I (KD = 39 lM from
SPR, KD = 31 lM from STD NMR) and 600 fold better than
the lead NMWQKVGTPL (KD = 6 mM). The kon and koff values
could be determined by the analysis of individual SPR curves. The
kon values for the peptidomimetics range from 6 × 103 s−1 M−1 to
3 × 104 s−1 M−1, while koff is about 0.1–0.2 s−1. This is a relative


Table 2 The calculated binding energies from the docking and the
respective experimental KD values including the standard deviation of
the newly synthesized peptidomimetics II–XII in comparison to I. The
structures of II–XII are shown in Chart 1. Also shown is the highest
concentration that was used for the regression analysis. Depending on the
hydrophobic nature of the peptidomimetics I–XII, aggregation and thus
unspecific binding starts at different concentrations for each molecule thus
requiring different cut-offs for the calculation of the binding constant


Compound
Calculated binding
energy/kcal mol−1 KD/lM


Highest fitted
concentration/lM


I −376 39 ± 5 32
III −370 55 ± 19 30
III −379 16 ± 4 30
1V −382 26 ± 4 100
V −374 105 ± 33 100
VI −376 53 ± 102 25
VII −344 31 ± 6 50
VIII −334 146 ± 94 50
IX −387 26 ± 5 100
X −400 30 ± 7 30
XI −372 10 ± 4 30
XII −359 103 ± 50 500


slow binding kinetic, possibly indicating an induced fit and/or
conformational changes of the ligand.


STD NMR


The most promising compound XI has been analyzed in detail
by 1D 1H-STD NMR spectroscopy (Fig. 7 and 8).23 The KD


values (Table 3) determined by this homogeneous NMR based
method are in good agreement with the value obtained by the


Fig. 7 a) 1H NMR spectrum of CD4. The typical broad lines for proteins
are observed with a few sharp signals resulting from amino acids on the
surface of CD4. b) 1H NMR spectrum of a mixture of 4.4 lM CD4 and
75 lM XI containing 20 lM DSS as internal standard. c) Corresponding
1H STD NMR spectrum of the same sample with T 1q filter for the reduction
of most protein signals. Most of the remaining signals could be identified
as signals of XI. A titration experiment with different concentrations of
the ligand was used to determine KD. d) 1H NMR reference spectrum of
XI.


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 3259–3267 | 3263







Fig. 8 STD NMR titration curves for a choice of individual protons of
XI. All data are presented in Table 3.


heterogeneous SPR system. The different values for individual
protons are due to varying distances to the protein surface and
because of diverse relaxation times of the protons. KD values from
those protons yielding the lowest KD values and thus having the
tightest binding to the receptor are presented. This results in a KD


value of 9 lM by STD NMR in comparison to 10 lM by SPR.
The most intensive peaks in the 1D STD NMR 1H NMR


spectrum were used to derive the binding epitope of the ligand,
which is shown in Fig. 9 and is further visualized in Fig. 10 and 11.


Fig. 9 Ligand epitope mapping of XI. Highlighted protons shown in red are in close contact to CD4.


Fig. 10 XI (ball and stick, with the atom colored surface of the binding epitope) docked to CD4 (green).


Fig. 11 The surface of the binding epitope of XI determined by 1H STD NMR. In fact, only these parts of the ligand are needed for binding.


Table 3 KD values of individual protons of XI, calculated through a
regression analysis of the data points of the STD NMR titration by fitting
a one site binding model


Proton KD/lM


Naph-H4/5/8 12
Naph-H6/7 30
Naph-H1/3 16
Val-Hb 47
Cyclohexyl-H4 35
Cyclohexyl-H3 23
Thr-Hc 9
Val-Hc 25


It shows comparable regions of the molecule to be in close contact
to CD4 as in the lead peptide NMWQKVGTPL and in I.18


Structure activity relationships


The analysis of the KD values and the docking results provide
insight into structure activity relationships (for ligand structures
see Chart 1). Aromatic systems containing hetero atoms (III and
IV) bind better than I. Also, by comparing the KD values of I
and II it becomes clear that b-naphthyl residues bind better than
a-naphthyl residues. The oxyacetic acid linker proved to be the
best choice accommodating the requirements for distance and
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flexibility as is obvious from the binding affinity of I, V, and VI.
This was already suspected during the design stage. Compound
VII containing citrulline instead of lysine binds slightly better than
I. The worst binding affinity was measured for VIII, indicating that
the hydrophobic cavity that normally encloses the valine residue
is not large enough for the cyclohexyl residue. Glycine may be
substituted by either sarcosine or glutamate to improve the binding
affinity slightly, while the replacement of prolinol with alaninol in
XI clearly results in an improved binding affinity. This is partly
due to the fact that XI has only one stable conformer in solution.
The 10 fold decrease in binding affinity of XII in comparison to XI
shows the importance of the cyclohexylcarbamoyl group. Further
modifications of this carbamoyl residue may result in even better
binding compounds.


Experimental


Synthesis


Synthesis of the (aryloxy)acetic acids. 1 eq. aromatic alcohol
was refluxed in ethanol (2 mL mmol−1). A solution of KOH
(2.17 eq.) in ethanol (0.8 mL mmol−1) was added and subse-
quently a solution of bromo acetic acid (1.03 eq.) in ethanol
(0.5 mL mmol−1) was added dropwise. The solution was cooled
down to room temperature and stirred for another 12 hours ((8-
quinolyloxy)acetic acid forms a colorless precipitate during this
time and can be used without further workup). The ethanol was
evaporated, the residue dissolved in 20 mL ethyl acetate and
extracted three times with 10 mL of 5% aqueous NaHCO3. The
combined aqueous phases were acidified with conc. HCl to pH 2–
3 and extracted three times with 10 mL ethyl acetate. The organic
layer was dried over MgSO4 and the solvents were evaporated.
Drying in high vacuum gave the desired product which needed no
further purification.


(1′-Naphthoxy)acetic acid. 1.3 g (6.4 mmol) (1′-naphthoxy)-
acetic acid (46.5%) as colorless solid, mp 194–196 ◦C (Lit: 193–
195 ◦C); dH (400 MHz, MeOH-d4) 8.39–8.34 (1H, m, H8), 7.87–
7.82 (1H, m, H5), 7.55–7.47 (3H, m, H4/6/7), 7.43–7.37 (1H, m,
H3), 6.89–6.85 (1H, m, H2), 4.89 (2H, s, CH2); dC (400 MHz,
MeOH-d4–CDCl3 2 : 1) 175.2 (CO2H), 154.9 (C1), 134.9 (C4a),
127.7 (C5), 126.9 (C6), 125.9 (C3), 125.7 (C7), 124.8 (C8a), 122.4
(C8), 121.8 (C4), 105.4 (C2), 65.9 (CH2); m/z (%) 202 (95), 143
(100), 127 (15), 115 (58), 77 (12), 40 (18).


6-Carboxymethoxy-4-methylcoumarin. 0.5 g (2.1 mmol) 6-
carboxymethoxy-4-methylcoumarin (18.7%) as colorless solid, mp
104–106 ◦C; dH (400 MHz, MeOH-d4) 7.38–7.26 (3H, m, H5/7/8),
6.39 (1H, d, 4JH3–CH3 1, H3), 4.80 (2H, s, CH2), 2.51 (3H, d, 4JH3–CH3


1, CH3); dC (400 MHz, MeOH-d4) 121.3 (C5), 119.3 (C7), 116.2
(C8), 110.8 (C3), 19.1 (CH3); m/z (%) 234 (100), 175 (50), 147 (69),
91 (18).


(8-Quinolyloxy)acetic acid. 0.7 g (3.4 mmol) (8-quinolyloxy)-
acetic acid (24.6%) as yellow solid, mp 168 ◦C; dH (400 MHz,
MeOH-d4) 9.27 (1H, m, H2), 9.24 (1H, m, H4), 8.21 (1H, m, H3),
8.02–7.92 (2H, m, H5 + H6), 7.73 (1H, m, H7); m/z (%) 203 (3),
158 (100), 145 (8), 129 (55), 102 (15), 89 (10).


Synthesis of the peptidomimetics


The synthesis of the peptidomimetics has been described before.18


The synthesis starts with an amino alcohol linked to a 2′-
chlorotrityl resin via the hydroxy function. The following amino
acids are coupled using standard peptide coupling protocols
(activation by TBTU–DIPEA, Fmoc as N-terminal protecting
group and Boc and tBu, respectively, as side chain protecting
groups). The coupling of the terminal carboxylic acid was
accomplished in the same way via a normal amide bond. Mild
acidic conditions (1% TFA in DCM) cleave the molecule from
the resin and result in a side chain protected free alcohol. The
alcohol function reacts under copper(I) catalysis with cyclohexyl
isocyanate forming a carbamate linkage to give the protected
peptidomimetics. Subsequent treatment with 95% TFA gives the
unprotected peptidomimetic, which all have been characterized
by MALDI TOF MS. Overall yield of the products was 1–7%
after HPLC purification. All NMR data of II, III and V–XI are
shown in the supporting information†, IV and XII have not been
characterized by NMR due to low yield.


Experimental details of the docking


Docking studies were carried out on Silicon Graphics Octane or
Octane2 computers using the program Flexidock of the Sybyl
(version 6.9) software package (Tripos, Inc.). The structure of CD4
was obtained from a Protein Data Bank file (code 1gc1.pdb)2b and
was treated as described before.18 The force field calculations take
into account van der Waals, electrostatic, torsional, and constraint
energy terms. All bonds of the ligand were freely rotatable, as well
as the amino acids of the CD4 binding epitope to allow an induced
fit docking.


Experimental details of SPR experiments


The SPR data were determined on a BIACORE 3000 instru-
ment using CM5 chips. 106 fmol and 220 fmol, respectively,
sCD4 were covalently attached to the activated dextrane matrix.
The surface was activated by N-hydroxysuccinimide and N-
(3-dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride for
the coupling of the protein. After coupling of the protein
the matrix was capped with ethanolamine. The activity of the
immobilized protein was checked by gp120 binding; extrapolation
of the data showed an activity of 50% (53 fmol) and 20%
(44 fmol), respectively, of the immobilized CD4.24 sCD4 was
obtained from Progenics Pharmaceuticals, Tarrytown, New York,
USA. Catalogue-No.: PRO1008-1, Lot 48 (recombinant human
soluble CD4 (CHO), purity >95%, amino acids 1–370 of the
natural CD4 (45 kDa)), gp120 was purchased from the National
Institute for Biological Standards and Control, catalogue-No.
EVA607, http://www.nibsc.ac.uk/catalog/ aids-reagent (recom-
binant HIV-1 IIIB GP120, 120 kDa. purity >95%, expression
system: baculovirus). The KD value of the gp120–CD4 interaction
is in the low nM range (depending on the method).2b ,25 The activity
was calculated following eqn (1) and (2).


activity (CD4) = RU[gp120] maxmeasured


RU[gp120] maxcalculated


(1)


active CD4 [fmol] = activity (CD4) × immobilized CD4
[fmol] (2)
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We used a dilution series with concentrations of the pep-
tidomimetics of 4, 6, 8, 10, 12, 16, 20, 25, 30, 50, 100, 500 and
1000 lM in HBS-EP (10 mM HEPES, 150 mM NaCl, 3 mM
EDTA, 0.005% surfactant P20, pH 7.4) buffer. Contact time was
120 s with a flow rate of 15 lL min−1 and a dissociation time of 60 s.
Every concentration was measured twice starting from the lowest
concentration. The surface was regenerated with two injections of
100 mM H3PO4 for 32 s with the same flow rate. The dependence
of the response units (RU; 1 RU ∼ 1 pg) on the concentration can
be used to obtain KD values using eqn (3):


RU ([c]) = [c] RUmax


KD + [c]
(3)


The RUs for each ligand and concentration were determined
by subtracting the RUs of pure buffer solutions (blanks) from the
individually observed RUs. The peptidomimetics did not show
an asymptotic behavior at high concentrations in the Biacore
assay. This may be due to unspecific binding of the ligands to
the protein surface or because of a second binding site with a
lower binding affinity. Therefore, only data points representing a
typical association curve were used for data analysis (cf. Table 3).


Experimental details of STD NMR experiments


Preparation of the samples. Commercially available sCD4 (see
above) (200 lg, 4.4 nmol) was dissolved in buffer (200 lL D2O,
containing 8 mM Na2HPO4, 2 mM NaH2PO4, 140 mM NaCl,
3 mM KCl and 6 mM NaN3, adjusted to pH = 7–7.5 (not
corrected) with 0.1 M DCl). Through repeated dilution and
membrane centrifugation, the sample was rebuffered in deuterated
PBS, resulting in 250–300 lL solution (exactly measured by
weighing). The protein solution was split into two halves and
5 lL 1 mM DSS solution in D2O was added to each portion. The
samples were filled to 250 lL each, one with buffer and the other
one with buffer containing XI to produce the highest concentration
of 80 lM. The samples were transferred into Shigemi NMR tubes
and measured on a Bruker Avance 700 MHz spectrometer with a
cryo probe. The other concentrations of the ligand were achieved
by diluting the ligand solution with the buffered protein solution
from the other sample and vice versa. The exact concentrations of
the ligand were determined by comparison with the internal DSS
standard.


The on resonance frequency was determined by measuring the
ligand sample only. At −1.5 ppm, all discoverable artefacts were
�1 rel. STD%. The number of scans of the reference spectra and
the STD spectra was adjusted to the concentration and was up to
11k for the STD spectrum at the lowest ligand concentration of
16 lM. The off resonance frequency was at 28.6 ppm.


Data analysis. The 1D 1H NMR spectra were acquired at
a spectral width of 10 ppm and with 32k data points. Before
Fourier transformation, these were filled up to 64k with zeros.
Through multiplication of the FID with an exponential function
(line broadening: 5 Hz), an increase of the signal noise ratio was
achieved, and subsequently the phase was corrected. A T 1q filter
of 15 ms with an attenuation of 12 dB eliminated nearly all protein
signals. The phase cycle of the STD experiments was selected, such
that the subtraction needed for the difference spectra occurred
on alternating scans. In this way, artifacts due to temperature or
magnetic inhomogeneities are minimized. On- and off-resonance


frequency of the presaturation pulses alternated each scan.
All STD experiments were recorded with WATERGATE water
suppression. For determination of the relative STD% and the
STD amplification factor, a reference experiment was recorded
with the same conditions, processed and phased with the same
parameters. The integrals were compared in the dual display mode
in XWINNMR (version 3.1, Bruker). The temperature of the
samples was 285 K.


Conclusions


We could improve the binding affinity of the CD4 binding pep-
tidomimetics and gain insight in structure activity relationships.
Even though the calculated binding energies by Flexidock rep-
resent the experimental binding affinity only semi quantitatively,
theoretical and analytical data show a positive correlation. Overall
we could show that this protocol for a rational drug design
yielded 7 out of 11 compounds with an improved binding constant
compared to the lead.
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The success of positron emission tomography (PET) in personalised medicine and drug development
requires radioisotopes that provide high quality images and flexible chemistry for a broad application.
64Cu is arguably one of the most suitable PET isotopes for imaging with the evolving target agents, but
there are not many appropriate chelating agents for 64Cu and this has limited its wider application. The
bi-functional chelator, SarAr is known to bind 64Cu2+ quantitatively (i.e. one metal per ligand present)
and rapidly (<2 min) at 10−6 M over a range of pH (4–9). In this paper the conjugation of SarAr to the
whole and fragmented antibody is described. Conjugation of the SarAr to the protein does not impair
its coordination of the 64Cu. It complexes the 64Cu2+ rapidly, quantitatively and essentially irreversibly at
pH 5. Animal studies show that the 64Cu–SarAr–immunoconjugates maintain their specificity for the
target and are stable in vivo. Also, SarAr is a platform technology, is easy to use in a kit formulation and
is readily adaptable for the wider application in 64Cu PET imaging.


Introduction


There is a strong drive from both government and industry
for the development of imaging tools that have application
for personalised medicine and drug risk assessment.1,2 Positron
emission tomography (PET) offers an unparalleled sensitivity
(10−9 to 10−12 M) in the clinical setting for these purposes. However,
it is important that the half-lives and the chemistry of the PET
isotopes are compatible with the localisation and clearance of
the molecular target agents in vivo. In this respect the half-lives
of commercially available PET isotopes such as 11C and 18F are
far too short for applications with many evolving target agents
(e.g. proteins, oligonucleotides and peptides) and the chemical
techniques employed for radiolabelling with radio-halogens can
also damage these agents.


A number of PET isotopes (45Ti, 61Cu, 64Cu, 68Ga, 76Br, 77Br,
86Y, 94mTc and 124I) have been used for radiolabelling proteins and
peptides. All except 64Cu have significantly higher mean positron
energies (>300 keV) than 18F which result in comparatively poor
image resolution and/or high energy gamma emissions that can
interfere with imaging processing.3 64Cu (b+; Eav 278 keV, 17.9%)
has a mean positron energy similar to that of 18F and a half-life of
12.7 h. Advances in the cyclotron production routes for 64Cu using
low and high energy cyclotrons have also led to its recognition as
a commercially viable PET isotope for molecular imaging.4–7


Meares and co-workers pioneered the use of polyazacarboxylate
macrocycles for radiolabelling antibodies with 67Cu and 64Cu
for imaging.8–10 Since that time various tetraazamacrocycles11


and polyazacarboxylate macrocycles12 have been synthesised for
radiolabelling antibodies and peptides with 64Cu2+ or 67Cu2+.13


Their choice has been largely based on these ligands forming ther-
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modynamically stable complexes with Cu2+ (log K = 20–28).14,15


Unfortunately, the formation of their respective 64Cu2+ complexes
is not necessarily fast or very selective for Cu2+ ion in the presence
of high electrolyte concentrations.16 Often, 64Cu radiolabelling
of the immunoconjugates incorporating polyazacarboxylates re-
quires an excess of the ligand and/or immunoconjugate, heating,
and lengthy incubation times (�30 min) as well as extensive
purification procedures. In contrast, the simple cyclam derivatives
have shown greater thermodynamic stability with Cu2+ than their
analogous polyaminocarboxylate derivatives, but they also suffer
from kinetic instability when exposed to high concentrations of
acid or competing metal ions.17


The hexa-aza cages 1 and 2 (illustrated in Fig. 1)18 designed
with the additional linking strand incorporating two nitrogen
atoms, form a three-dimensional ‘cage’ around the Cu2+ ion which
leads to an increased thermodynamic and kinetic stability.19–21


Once formed, the Cu2+ complex of the hexa-aza cage, Diamsar


Fig. 1 Hexa-aza cages Sar (1) and Diamsar (2) and SarAr (3).
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{[Cu(II)Diamsar]2+}, is resistant to Cu2+ dissociation in 4 M HCl
at 20 ◦C for more than 7 months.15


Understanding the rates of metal ion exchange with the complex
at physiological pH is also important for defining the role and
safe use of radiometal complexes in humans. The concentration
of exchangeable Cu2+ and Zn2+ in plasma is ca. 1 and ca. 10 lM,
respectively, while the concentrations of radiolabelled target agents
injected into the body are <10−8 M.22 Many products (e.g. whole
and fragmented antibodies and peptides) can circulate in the body
from hours up to days and they can be exposed to concentrations
of Cu2+ and Zn2+ that are up to 1000-fold higher for relatively long
periods of time.


The free metal ions along with the radioisotope will compete
for the bi-functional ligands of the immunoconjugate. This may
limit the radioisotope from being effectively localised at the target
site or clearing from the body. Such a loss of the radioisotope can
result in its uptake in non-target organs and be responsible for
poor image quality and radiation toxicity.


Interestingly, studies with the hexa-aza 2 have shown that when
they are incubated with hepatocytes, up to 80% of the Cu2+


within the hepatocytes is released and coordinated with 2, thereby
preventing Cu2+ incorporation into ceruloplasmin.23 Further tes-
timony to the kinetic inertness of the hexa-aza cage complexes
are the reported exchange studies with [Zn(II)Diamsar]2+ and
[Cu(II)Diamsar]2+ complexes that show neither Cu2+ nor Zn2+


interchange, respectively at 20 ◦C for several days near neutral
pH.15 Perhaps the most outstanding and unique feature of the
hexa-aza cages is their ability to bind micromolar concentrations
of Cu2+ ions, quantitatively (i.e. one metal to one ligand) within
minutes at ambient temperatures over a pH range of 4–9 and
in the presence of relatively high concentrations of alkali metal
ions or electrolytes. This characteristic is highly desirable for a
radiopharmaceutical and creates a potential for kit formulation
of an emerging range of molecular targeting agents. Furthermore,
the ability to produce the desired radiopharmaceutical without
the use of expensive automation systems makes it a compelling
technology for radiopharmaceutical applications.24


The synthesis of the new bi-functional hexa-aza cage
ligand, 1-N-(4-aminobenzyl)-3,6,10,13,16,19-hexa-aza-bicyclo-
[6.6.6]eicosane-1,8-diamine or SarAr (Fig. 1), has been reported
elsewhere.24 The present study explores conditions for conjugating
SarAr to the well-characterised B72.3 antibody and its fragments.
B72.3 is an IgG1 that has been shown to react with the high-
molecular-weight tumour-associated glycoprotein, TAG-72,
expressed in a variety of adenocarcinomas.25 Radiolabelling
of the resultant immunoconjugates with 64Cu/67Cu and their
biodistribution in colon carcinoma tumour-bearing nude mice
is evaluated. The potential of SarAr technology for use in a kit
formulation is also tested and the extension of this technology for
radiolabelling other molecular targets and the production of new
64Cu PET radiopharmaceuticals is discussed.


Results


Conjugation chemistry


The conjugation of SarAr via its amine functional group to the
whole antibody (Mab) B72.3, using the carbodiimide 1-ethyl-3-
(3-dimethyaminopropyl)carbodiimide hydrochloride (EDC) was


investigated under various reaction conditions, such as pH,
reaction time, concentration of antibody and molar ratios of
EDC and SarAr to Mab at 37 ◦C. The immunoconjugate from
each reaction mixture was then purified using size-exclusion high
pressure liquid chromatography (SE-HPLC) and radiolabelled
with 64Cu to determine the amount of radioactivity associated
with the protein. The optimum pH for the conjugation of the
antibody to the SarAr using EDC was found to be 5 (see Fig. 2).


Fig. 2 Effect of pH on SarAr conjugation to B72.3. [B72.3] = 5 mg mL−1,
30 min, 37 ◦C, B72.3 : EDC : SarAr = 1 : 100 : 20.


The optimum time for conjugation of SarAr to the protein
was found to be at approximately 30 min when the reaction was
studied over a 15 min to 2 h time period. The effect of Mab
concentrations on the conjugation reaction was also investigated
and the most efficient radiolabelling occurred at 5 mg mL−1. Fig. 3
summarises the effect that EDC and SarAr concentrations have
on the conjugation reaction with Mab. SE-HPLC showed that
for all conditions investigated, <10% cross-linking of the Mab
occurred. In general, an increase in the molar ratio of SarAr and
EDC to Mab resulted in an increase in specific activity. However,
when the EDC : Mab molar ratio was >500 there was a negligible
increase in specific activity. For SarAr : Mab molar ratios >500 the
SE-HPLC showed evidence of lower molecular weight impurities


Fig. 3 Effect of EDC and SarAr concentrations on specific activity and
inter-antibody cross-linking.†


† The conjugation reaction was effected in acetate buffer, pH 5 at 37 ◦C for
30 min, [B72.3] = 5 mg mL−1. Filled symbols show specific activity at molar
ratios of SarAr : B72.3 = 100 (a), 250 (b) and 500 (c). Open symbols show
inter-antibody cross-linking at molar ratios of SarAr : B72.3 = 100 (d),
250 (e) and 500 (f).


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 3350–3357 | 3351







that resulted in a lower yield of the desired product. Hence, the
optimum conditions for the conjugation of SarAr to Mab were
at a molar ratio of SarAr : Mab > 100 but at <250 and with
a 500-fold molar excess of EDC : Mab at pH 5 for 30 min at
37 ◦C. Each immunoconjugate was then radiolabelled with 64Cu,
and SE-HPLC and instant thin layer chromatography (ITLC-SG)
used to determine the average number of SarAr attached to the
antibody was 3.3 with �3% inter-antibody cross-linking (B72.3 =
5 mg mL−1). The immunoreactivity assay showed that the 64Cu–
SarAr–B72.3 prepared under optimum conditions was �80%. Pre-
liminary studies to investigate the conjugation of SarAr to other
whole murine and chimeric antibodies, showed that similar specific
activities were achievable.26 The SarAr immunoconjuguate of the
B72.3-F(ab′)2 antibody fragment was prepared using the same
optimum conditions [i.e. pH 5.0; F(ab′)2 B72.3 = 5.0 mg mL−1;
molar ratio of SarAr : EDC : F(ab′)2 = 250 : 500 : 1; 30 min].
Analysis by SE-HPLC showed no evidence of inter-antibody
cross-linking and an average of 1.3 SarAr ligands conjugated to
each F(ab′)2 molecule. The sandwich immunoreactivity assay of
the resultant 64Cu–SarAr–B72.3-F(ab′)2 showed that there was
a reduction in the immunoreactivity to 46% compared with the
unconjugated B72.3-F(ab′)2.


64Cu radiolabelling of SarAr-immunconjugates


The SarAr–immunoconjugates could be rapidly radiolabelled
by incubation with high specific activity 64Cu2+ or 67Cu2+ in
acetate buffer at pH 5.0 for 5 min at ca. 20◦ C. The 64/67Cu–
SarAr–immunconjugates were washed with 0.1 M EDTA on
centrifugation filters and resuspended in the appropriate buffer.
Characterisation by SE-HPLC and ITLC-SG showed that the
final 64/67Cu radiolabelled immunoconjugates were >95% radio-
chemically pure.


Stability of SarAr–immunoconjugate


Each SarAr–B72.3 immunoconjugate prepared as previously de-
scribed was divided into several aliquots of at least 50 lg but more
typically 100 lg. An aliquot of the prepared immunoconjugate so-
lution was radiolabelled with 64Cu immediately, and the remaining
unlabelled aliquots were stored in buffer (0.1 M sodium acetate
buffer pH 5.0) or lyophilised and stored at 4 ◦C for at least 35 d
and up to 48 d. Stored samples were removed at set intervals and
radiolabelled with 64Cu. The specific activities of resultant 64Cu–
SarAr–immunoconjugate samples were determined and compared
with the specific activity of the original batch. In all instances the
specific activity of the resultant 64Cu–SarAr–B72.3 was equivalent
to the original batch indicating that the SarAr–immunoconjugate
was stable whether stored in buffered solution or lyophilised at
4 ◦C. Immunoreactivity assays of each batch also showed that
the immunoreactivities of both SarAr–B72.3 and SarAr–B72.3-
F(ab′)2 were maintained under these storage conditions.


Integrity of 64Cu–SarAr–immunoconjugates


The 64Cu–SarAr–B72.3 and 64Cu–SarAr–B72.3-F(ab′)2 radiola-
belled immunoconjugates were prepared as previously described
and stored in sodium acetate (0.1 M, pH 5.0) at 4 ◦C for up
to 5 d. ITLC-SG was used to monitor for dissociated 64Cu
and/or 64Cu–SarAr from the immunoconjugate. In all instances


the radioactivity associated with the SarAr–immunoconjugate
was >98%, indicating negligible loss of SarAr from the antibody
and/or loss of 64Cu from SarAr occurred during the time period
investigated.


Animal biodistribution studies


The tumour localisation and biodistribution of 64Cu–SarAr–
B72.3 and 64Cu–SarAr–B72.3-F(ab′)2 were determined in nude
mice bearing LS174t tumours. The 64Cu–SarAr–B72.3 and 64Cu–
SarAr–B72.3-F(ab′)2 were injected intravenously and the animals
were sacrificed and dissected at various time intervals. Injected
doses per gram of organ are plotted for 64Cu–SarAr–B72.3 and
64Cu–SarAr–B72.3-F(ab′)2 in Figs. 4 and 5, respectively.


Tumour localisation of the 64Cu–SarAr–B72.3 to the target site
reached 38 ± 5% ID/g within 48 h. Blood clearance was bi-phasic
(a = 7.3 ± 0.4 h, b = 100 ± 30 h) and the tumour : blood ratio
increased from 0.1 to 2.1 over a two day period (see Fig. 4).
Clearance of the radiolabelled antibody from other organs was
typical of a whole IgG antibody.


The blood clearance of 64Cu–SarAr–B72.3-F(ab′)2 was also bi-
phasic (a phase = 3.9 ± 0.2 h and b phase = 7 ± 1 h). At 5 h, the
tumour contained up to 10 ± 1% ID/g and this uptake persisted
for up to 24 h. Tumour to blood ratios of 2.2 ± 0.6 were achieved
within 9 h (see Fig. 5). Kidney uptake was high (>200% ID/g)
and persisted over the 24 h.


Fig. 6 shows a comparison of tumour : blood ratios for the 64Cu–
SarAr–B72.3 and 64Cu–SarAr–B72.3-F(ab′)2. The data clearly
illustrate comparatively faster clearance of the lower molecular
weight F(ab′)2 species [64Cu–SarAr–F(ab′)2] relative to the whole
antibody (64Cu–SarAr–B72.3) and confirms that the stability of
the 64Cu–SarAr complex is maintained in vivo.


Discussion


This study clearly demonstrates that SarAr can be used to
effectively capture and retain the 64Cu2+ radiolabel on an array
of target agents and therefore its allows a wide application in PET
imaging for drug risk assessment and personalised medicine.


As the carbodiimide EDC is perhaps one of the most popular
reagents to conjugate biological substances, it was used to mediate
the conjugation of SarAr to the proteins.27 EDC is classified as a
zero-length cross-linker that effects the formation of an amide
bond between a carboxylate and an amine. Its water solubility
allows it to be used with aqueous biological systems without pre-
dissolution in organic solvents. Furthermore, excess reagent and
the isourea formed as the by-product of the cross-linking reactions
are both water-soluble and are easily removed either by dialysis or
gel filteration. The conditions for the conjugation of SarAr to the
B72.3 antibody using EDC were optimised to achieve the highest
specific activity (i.e. the number of ligands bound per molecule of
target agent) by minimising the effect on the antibody function
or immunoreactivity. Reaction conditions, such as the time of the
conjugation reaction, the pH, the concentration of the antibody
and the excess of EDC and SarAr were therefore investigated.


To activate the carboxylic acid groups of the antibody (e.g.
aspartate and glutamate residues) using EDC, pH values ap-
proximately one unit higher than their pKa value (3.65 and 4.26,
respectively) are required. Of the six secondary amines in the SarAr
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Fig. 4 Biodistribution and biphasic blood clearance (inset) of 64Cu–SarAr–B72.3 in LS174t tumour-bearing nude mice.


Fig. 5 Biodistribution and blood clearance (inset) of 64Cu–SarAr–B72.3-F(ab′)2 in LS174t tumour-bearing nude mice.†


cage at least three would be protonated at ca. pH 5. However, it is
difficult for steric reasons, for the secondary amines in the hexa-
aza cage to act as nucleophiles; therefore, the two primary amines
of SarAr, i.e. that on the aromatic linker and that adjacent to the
cage, are the most favoured. Unsuccessful attempts to conjugate
the parent species, Diamsar, directly to the antibody with EDC


also supports the assumption that the preferred nucleophile is
the aromatic NH2. Our studies also showed that there was no
significant increase in the number of ligands bound per antibody
for reaction times greater than 30 min using EDC. This is
most likely due to the decomposition of EDC over time, a
known competing reaction.28 Not surprisingly, the concentration
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Fig. 6 Comparison of tumour : blood ratios of 64Cu–SarAr–B72.3 and
64Cu–SarAr–B72.3-F(ab′)2 in LS174t tumour-bearing nude mice.


of the antibody was found to affect both the rate of conjugation
and the species of immunoconjugate formed. At high antibody
concentrations, the number of ligands per antibody increased as
did the inter-antibody cross-linking (see Fig. 3). However, even at
the maximum concentration (5 mg mL−1) the inter-antibody cross-
linking was �3%. The results in Fig. 3 also summarise the effect
of varying the EDC and SarAr concentration on the number of
ligands attached and inter-antibody cross-linking of the resulting
radiolabelled B72.3. An increase in EDC generally resulted in an
increase in inter-antibody cross-linking of the protein if SarAr :
Mab was 100 : 1. However, an increase in SarAr concentration
not only resulted in more ligands attached to the antibody but
it also reduced the formation of inter-antibody cross-linking.
Unfortunately, the increase in ligands attached did not necessarily
result in sufficiently high immunoreactive products. Furthermore,
the increase in concentration of SarAr resulted in an increase in
the formation of more low molecular weight species and when
characterised by SE-HPLC data low molecular weight polymers
of SarAr were implicated. Although these aggregates could be
easily removed by protein filtration, the optimum conditions for
the conjugation of SarAr to the antibody was set at a molar
excess of �500 for EDC and >100 to �250 for SarAr : Mab
at a protein concentration of 5 mg mL−1. Under these conditions,
the amount of inter-antibody cross-linking of 64Cu–SarAr–B72.3
was not significant and therefore would not inhibit its use in
animal studies. For an average of 3.3 SarAr attached to each Mab
molecule, the immunoreactivity of the final product, 64Cu–SarAr–
B72.3, was determined to be �80% compared with the unmodified
antibody, and similar to values reported by other researchers.29 The
conditions to optimise ligand attachment to the F(ab′)2 fragment
were determined to be a molar ratio of �500 : �250 : 1 for EDC :
SarAr : F(ab′)2 with no cross-linking evident (by SE-HPLC). The
resultant 64Cu–SarAr–B72.3-F(ab′)2 immunoconjugate was found
to contain an average of 1.3 ligands per F(ab′)2 molecule. It is
not surprising that the number of ligands attached to F(ab′)2


is considerably lower than that obtained with Mab as there are
fewer carboxyl groups on the F(ab′)2 (72 compared with 124).
However, on modification, the immunoreactivity of 64Cu–SarAr–
B72.3-F(ab′)2 was reduced to 46% of that of the original B72.3-
F(ab′)2. As the proportion of the total carboxyl groups in the
antigen binding region is higher for the F(ab′)2 fragment (28 of


72) than for the whole antibody (28 of 124) it is not surprising
the immunoreactivity diminished. This result was found to be
typical of the modified B72.2 antibody (Fab′)2 and hence the
resultant 64Cu–SarAr–B72.3-F(ab′)2 was considered appropriate
for evaluation in tumour-bearing animals.


Once SarAr was conjugated to the protein it was analysed for
decomposition after radiolabelling. Both the 64/67Cu–SarAr–B72.3
Mab and F(ab′)2 immunoconjugates showed excellent stability
in acetate buffer at 4 ◦C for extended periods (up to 4 d).
Kit formulations of the SarAr–B72.3 immunoconjugates were
prepared and stored in buffer and also in lyphophilised form at
4 ◦C for up to 48 d. A comparison of the specific activity of
the resultant 64Cu–SarAr-immunconjugates prior to storage and
throughout the storage period showed that the SarAr-conjugates
were stable.


PET is a highly sensitive technique that can resolve tumour to
background ratios as low as 1.4.30 Hence, an effective radioim-
munoconjugate must remain intact in vivo while it circulates, it
must target the site of interest and finally clear from the blood.
Both 64Cu–SarAr–B72.3 and 64Cu–SarAr–B72.3-F(ab′)2 showed
excellent in vivo stability and tumour targeting. Figs. 4 and 5
display effective localisation at the target site and typical clearance
profiles from other organs for the whole antibody and for the
F(ab′)2 fragment of a murine antibody, administered intravenously
in mice. This trend is similar to those of immunoconjugates of
whole B72.3 that have been radiolabelled with 125I and 111In,
although the phases in the latter species could not be calculated
from the data provided in the literature.25 The tumour : blood
ratio for 64Cu–SarAr–B72.3 of 1.4 was achieved within 24 h with
29.1 + 4.42% ID/g at the tumour site. At 24 h, less than 85%
of the total activity remains in the body. The faster clearance of
the F(ab′)2 fragment implies earlier imaging potential with a ca.
1.4 tumour : blood ratio achievable within 5 h (see Fig. 6). At
this time the tumour contained up to 10% ID/g and this uptake
persisted for at least 24 h. The results are consistent with the
tumour uptake of 111In–DTPA–B72.3-F(ab′)2 (DTPA = diethylen-
etriaminepentaacetic acid) reported by Brown et al. and superior
to that of the 125I-labelled B72.3-F(ab′)2 species.25 A plot of the
tumour : blood ratios of the 64Cu–SarAr–B72.3-F(ab′)2 compared
with those of the 111In– or 125I–B72.3 radiolabelled species from the
literature is given in Fig. 7. At 24 h, the tumour : blood ratios for
the 64Cu–SarAr–B72.3-F(ab′)2 of 9 ± 2 were significantly higher
than those achieved for the analogous 111In– and 125I–B72.3-F(ab′)2


reagents at the same time of 3.5 ± 2.3 and 1.1 ± 1.2, respectively


Fig. 7 Comparison of tumour : blood ratios of 125I–B72.3-F(ab′)2,
111In–DTPA–B72.3-F(ab′)2 and 64Cu–SarAr–B72.3-F(ab′)2 in LS174t tu-
mour-bearing nude mice.
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(Fig. 7). In fact, superior tumour : blood ratios for the 64Cu–
SarAr–B72.3-F(ab′)2 were achieved within 5 h. This implies that
the SarAr provides a more stable attachment for the isotope than
the methods used for 111In– and 125I–B72.3 radiolabelled species.
So while the total uptake of the immunoconjugates at the tumour
site are similar over the 24 h period the lower tumour : blood ratios
for the 111In and 125I immunoconjugates of the B72.3 indicate that
the respective radioisotopes were dissociating from their respective
radioimmunoconjugates.


This SarAr technology is significant for several reasons. The
SarAr, even when attached to the immunoconjugate, can selec-
tively and rapidly (<5 min) coordinate high specific activity 64Cu2+


in pH 5–7 buffer at ca. 20 ◦C even in the presence of high
concentrations of electrolytes. Once attached to the protein the
SarAr binds copper ions irreversibly and quantitatively (i.e. one
metal ion per ligand present) faster than any other bi-functional
chelator reported in the literature under these conditions. Hence
radiolabelling efficiency occurs at ca. 20 ◦C to >95% and at
extremely low concentrations of copper without the need for
further purification. Once the 64Cu–SarAr–B72.3 is prepared
even 0.1 M EDTA does not extrude the 64Cu2+ which clearly
demonstrates the stability of the 64Cu–SarAr complex. When the
SarAr immunoconjugates were stored in buffer or lyophilised for
extended periods of time there was no evidence of decomposition,
indicating the potential for a long shelf-life.


The conjugation chemistry described here for SarAr technology
is readily adaptable to a range of target agents. Other SarAr
derivatives have been developed containing linker groups that
can attach to different amino acid sites of the protein.31 Kit
formulations can be readily produced and radiolabelling with
64Cu2+ for these systems is simple and can be conducted without
the need for expensive automation systems or a high skill base.


Perhaps the most exciting potential application of the SarAr
technology is in the prognostic imaging arena. Because the 64Cu–
SarAr complexation is quantitative at high specific activities of
copper isotopes less SarAr-conjugate needs to be administered
to the patient for PET imaging. The reduction in the amount of
radiolabelled immunconjugate should result in reduced pharma-
cological effects. More importantly, it should provide the user with
an opportunity to quantify the antigen expression at the target
site in vivo. Such information should lead to more accurate data
for determining the response to treatments, rational therapeutic
strategies, personalisation of dosage for patients and the drug risk
assessment of new target agents both in the preclinical and clinical
settings.


Experimental


Material and methods


All reagents and solvents used were of analytical grade (used
without further purification) and obtained from commercial
sources. All water used for experimental purposes was Milli-QTM


grade. The ligand SarAr was synthesised as previously described.
Radiolabelled antibody conjugates were purified by either washing
on ultra micro centrifuge protein filters (Centricon or Centrisart 30
or 20 kDa MWt cut-off) with 0.1 M EDTA in phosphate buffered
saline (PBS 10 mM, pH 7.2) and sodium acetate buffer (NaOAc
0.1 M, pH 5.0) or using a size-exclusion column (Sephadex


G-25 17 × 0.9 cm), equilibrated with NaOAc buffer (0.1 M,
pH 5.0) or PBS (10 mM, pH 7.2). Eluent was monitored for
protein by UV (Varian S100 or Pharmacia UV/Vis detector UV-1
spectrophotometer) at 280 nm. Radioactivity in collected fractions
was measured using the Wallac Wizard 1480 gamma counter or
Capintec CRC-15R dose calibrator, depending on the amount
of radioactivity. Instant thin layer chromatography on silica gel-
impregnated paper (Gelman Sciences, ITLC-SG mobile phase
0.1 M EDTA in 0.1 M PBS pH 7.2) was used to monitor the per-
centage of antibody radiolabelling (Rf radiolabelled antibody = 0,
Rf of Cu2+ = 1). HPLC was performed on a Waters LC-626 fitted
with the UV monitor (Waters 486) and a BioSep Sec 3000 column
(Phenomenex, 300 × 7 mm + guard). Antibody concentration
was measured using the Biorad protein assay and bovine serum
albumin standard protein solutions. 64Cu was obtained from the
National Medical Cyclotron, Australia (specific activity up to and
typically 74 × 106 MBq g−1 at calibration approximately 24 h after
end of bombardment (EOB) in 0.02 M HCl. 67Cu was obtained
from Los Alamos or Brookhaven Laboratories (specific activity
typically 555 × 106 MBq g−1) in 0.1 M HCl. The monoclonal anti-
body used in this study was B72.3, a murine whole IgG1 antibody
supplied by Bioquest Pty Ltd derived from ascites of mice injected
with B72.3 hybridoma cells purchased from the American Type
Culture Collection (ATCC). Nu/nu mice were purchased from
Combined Universities Laboratory Animal Supplies (CULAS,
Australia). Animal studies were carried out with the approval of
the Animal Care and Ethics Committee (ACEC) at Australian
Nuclear Science and Technology Organisation (ANSTO) under
protocol numbers 96/124, 97/124 and 98/124.


Preparation and purification of F(ab′)2 fragment of B72.3


B72.3 (10.6 mg mL−1 in a freshly prepared buffer of 50 mM
Tris/HCl pH 7.0, 2 mM EDTA and 10 mM cysteine) was reacted
with 2% bromelain at 37 ◦C for 5 h. The reaction was terminated
with 10% v/v 0.1 M N-ethylamide. The F(ab′)2 fragment produced
was isolated by fast protein liquid chromatography (FPLC) using
a HR 10/10 Mono Q anion exchange column, eluted with sodium
phosphate (5 mM, pH 8.0). Alternatively, the F(ab′)2 fragment
was generated and isolated using the commercially available
ImmunoPure kit from Pierce Chemical Company.


Conjugation chemistry


Typically, B72.3 [whole antibody or F(ab′)2 fragment] was reacted
with a molar excess of EDC and SarAr at 37 ◦C for a predeter-
mined period of time in buffer (0.1 M). The immunoconjugate
that formed, SarAr–B72.3, was purified by washing the reaction
mixture on a protein filter (20 000 MWt cutoff) with sodium
acetate buffer (0.1 M pH 5.0). An excess of 64Cu2+ (or 67Cu2+)
in HCl (0.02 M) was added to the purified SarAr–B72.3 (final
reaction pH 5.0) at ca. 20 ◦C. Percent labelling, number of ligands
per antibody (using the specific activity of the 64Cu or 67Cu2+)
and/or specific activity (radioactivity per mass of antibody) of the
radiolabelled product was calculated.


The following conditions for optimising the radiolabelling of the
B72.3 whole antibody were investigated: the pH of reaction at 4.0,
5.0 (0.1 M sodium acetate buffer), 6.0, 7.0 and 8.0 (0.1 M sodium
carbonate buffer); the time of immunoconjugate formation at 15,
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30, 60, 90 and 120 min; the effect of antibody concentration at
1.0, 2.5 and 5.0 mg mL−1; the effect of excess EDC (molar ratio
to antibody of 100, 250, 500 and 1000) and excess SarAr (molar
ratio to antibody excess of 100, 250 and 500). The B72.3-F(ab′)2


fragment was conjugated to SarAr at pH 5.0 (0.1 M sodium acetate
buffer) for 30 min at 5.0 mg mL−1 B72.3-F(ab′)2, molar ratio of
antibody : EDC : SarAr of 1 : 500 : 250.


An excess 64Cu2+ (in 0.02 M HCl) was added to each conjugation
reaction and allowed to react for up to 5 min at ca. 20 ◦C. Radio-
labelled antibody conjugates were purified as described above and
percentage labelling and/or specific activity was calculated. Inter-
antibody cross-linking in the resulting radiolabelled antibody was
examined by size-exclusion HPLC.


Radioimmunoassay (RIA)


The immunoreactivity of the radiolabelled antibody was de-
termined by a modified method of Lindmo et al.32 Bovine
Submaxillary Mucine (BSM as antigen) or glycine (Gly as control)
was serially diluted in triplicate onto Immulon 2 microtitre plates
(8 lg per well serially diluted by half 10 times, blank contained
only PBS). Plates were incubated overnight at 4 ◦C. The solution
was then removed and the plates blocked with 0.05% Tween 20
in PBS for 1 h at 37 ◦C. The blocking solution was removed
and the plates were then incubated overnight at 4 ◦C with
an excess of 64Cu–SarAr–B72.3 (in 0.05% Tween 20 in PBS).
Unbound antibody was removed by washing three times with
0.05% Tween 20 in PBS. The radioactivity in each well was
measured. Binding curves of percentage bound (corrected for
non-specific binding) versus BSM concentration for both antibody
solutions were constructed. Immunoreactivity was calculated by
the Lindmo method, i.e. total radioactivity added to each plate
well/radioactivity bound to the well (corrected for non-specific
binding) was plotted against 1/[BSM] in the plate well and
the resulting linear plot was extrapolated to the y-intercept to
obtain 1/immunoreactive fraction. A similar method employing a
second antibody (radioiodinated goat-anti-mouse antibody, 123I–
GAM) to detect the binding of radiolabelled B72.3 compared with
unmodified B72.3 was used to confirm the immunoreactivity as
calculated by the Lindmo method.


Stability of immunoconjugate


The SarAr–B72.3 immunoconjugate was prepared as described
above. The batch of immunoconjugate was divided into several
aliquots of at least 50 lg but more typically 100 lg samples.
An aliquot of the prepared immunoconjugate solution was
radiolabelled with 64Cu immediately, and the remaining unlabelled
aliquots of solution were stored either as a frozen solution or
lyophilised at 4 ◦C. At a later date stored samples of immuno-
conjugate were radiolabelled with 64Cu and the specific activity of
radiolabelled immunoconjugates was monitored over time using
HPLC and ITLC-SG and compared with the original batch.


Integrity of radiolabelled immunoconjugates


64Cu–SarAr–B72.3 and 64Cu–SarAr–B72.3-F(ab′)2 radiolabelled
immunoconjugates were prepared as previously described. The
purified radiolabelled antibodies were stored in sodium acetate


(0.1 M, pH 5.0) at 4 ◦C and the radioactivity dissociated from
each radioimmunoconjugate was monitored by ITLC-SG.


Animal biodistribution studies


Nu/nu mice between the ages of 6 and 8 weeks (males and
females) were subcutaneously injected with 0.1 mL of a 10 ×
106 LS174t cells mL−1 in PBS. Animals were sacrificed after
one week, the tumours harvested and kept in ice-chilled media
under sterile conditions. Tumour sections (approx. 2 × 2 mm)
were implanted subcutaneously into the hind flanks or subscapular
region of another group of nu/nu mice. Tumours were allowed
to grow (2 weeks) to approximately 0.7 × 0.7 cm. Tumoured
mice were injected intravenously via the tail vein with 0.1 mL
of sterile (0.22 lm) filtered 64Cu–SarAr–B72.3 or 64Cu–SarAr–
B72.3-F(ab′)2 prepared as previously described. Typical specific
activity for 64Cu–SarAr–B72.3 and 64Cu–SarAr–B72.3-F(ab′)2 was
3.8 ligands per mole of antibody and 1.0 ligands per mole
of antibody, respectively. At the required time interval each
animal was anaesthetised with CO2 for cardiac puncture and then
sacrificed by cervical dislocation (five animals per time point). The
animal was dissected and the organs and selected tissues removed
and weighed. Associated radioactivity was determined using the
gamma counter. The percentage injected dose for each organ, as
well as percentage injected dose per gram, was calculated.
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Key steps in the synthesis of the C1–C16 polyketide fragment of ionomycin were the nucleophilic
addition of an organocuprate to a neutral (g3-allyl)iron complex and the construction of a b-diketone
moiety by the Rh-catalysed rearrangement of an a-diazo-b-hydroxyketone.


Introduction


Ionomycin (1, Scheme 1) is a doubly charged ionophore antibiotic
that forms neutral hexacoordinate complexes with calcium and
other divalent cations owing to the presence of a carboxylate
ion at C1 and an unusual b-diketone at C9 and C11.1,2 Total
syntheses of ionomycin from the groups of Evans,3 Hanessian4


and Lautens5 have been described as well as syntheses of various
fragments.6–17 We now report a synthesis of the C1–C16 fragment
2 which features the use of functionalised planar chiral neutral
g3-allyliron complex to install the carboxyl terminus and control
the stereochemistry at C4 in a single operation. Such complexes
have not been used previously in natural product synthesis.


Scheme 1
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In the following account we first describe the synthesis of the
C1–C9 fragment 3, then the synthesis of the C10–C16 fragment 4
and finally their union via the Pellicciari protocol to generate the
b-diketone moiety.


Synthesis of the C1–C9 fragment 3


We recently reported two syntheses of the C1–C9 fragment
9, a precursor to 3, in which the key step was the addition
of alkylmetal reagents to planar chiral cationic (g3-allyl)metal
complexes (Scheme 2).18 The first approach entailed the addition
of organocopper(I) reagent 5 to the (g3-allyl)molybdenum complex
719 to give the adduct 9 in 37% yield. In the second approach, the
zinc cuprate 6 added to the (g3-allyl)iron complex 820 to give the
adduct 9 in 30% yield. In both cases nucleophilic attack occurred
regioselectively at C4 anti to the metal in accord with precedent19–22


but variations in time, temperature, solvent and metal failed to
improve the mediocre yields.23


Scheme 2


The one parameter we neglected in the previous optimisation
study was the reactivity of the (g3-allyl)metal complex and to
that end we examined functionalised neutral (g3-allyl)Fe(CO)2NO
complexes as electrophiles. Nakanishi and co-workers had pre-
viously made three key observations that were pertinent to
our study (Scheme 3). Firstly, the diastereosiomeric mixture
of allylic bromides 10 reacted with tetrabutylammonium tri-
carbonylnitrosylferrate (TBAFe) to give a chromatographically
separable mixture of diastereoisomeric complexes (2R,4S)-11 and
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Scheme 3


(2S,4R)-11 and the absolute configuration of the complex (2R,4S)-
11 was secured by X-ray crystallography.24 Secondly, soft carbon
nucleophiles such as malonates reacted with complex (2R,4S)-11
regioselectively at C4 anti to the iron.25 Thirdly, the scalemic (S)-
allylic tosylate 13 reacted with TBAFe under mild conditions to
give the (g3-allyl)iron complex (2R,4S)-14 with clean inversion of
configuration.26 Taken together these observations suggested that
the neutral (g3-allyl)iron complexes could offer a convenient and
readily accessible alternative to the cationic complexes shown in
Scheme 2 provided the complexes reacted with suitable alkylmetal
reagents.


The requisite alkylmetal reagent was prepared as shown
in Scheme 4. The readily available meso-2,4-dimethylglutaric
anhydride27,28 was converted to the scalemic iodoalkane 16 in
5 easy, scalable steps. Halogen–metal exchange29,30 afforded an
organolithium reagent that was transmetallated to the organocop-
per(I) reagent 5 but it failed to react with (2R,4S)-14. However, the
corresponding organocuprate 17 added to (2R,4S)-14 to give an
inseparable mixture of (4S)-9 and (4R)-9 (dr = 4 : 1) in 57% yield


Scheme 4


after oxidative demetallation. The disappointing dr suggested that
either (a) the formation of (2R,4S)-14 by reaction of enantiopure
(R)-tosylate 13 with TBAFe did not proceed with clean inversion
or (b) the reaction of the cuprate 17 with enantiopure (2R,4S)-14
did not proceed with clean attack anti to the metal. Unfortunately
we were unable to distinguish between these two prognoses because
Nakanishi never disclosed the [a]D of tosylate 13 and the assay of
optical purity of 14 based on the chiral shift reagent Eu(hfc)3


26


was precluded by extreme line broadening.
In order to address the stereochemical issues outlined above, we


required an (g3-allyl)iron complex whose stereochemical integrity
was assured by an internal reference; therefore, we prepared
(2R,4S)-11 as shown in Scheme 5. A Horner–Wadsworth–
Emmons reaction of the aldehyde (R)-18 with the phosphonate
19 gave the enamide 20 in 58% yield. After cleavage of the TBS
ether group, the alcohol 21 was activated as its mesylate ester 22
because preparation of the corresponding tosylate using Ts2O and
DMAP was slow and messy. By contrast the mesylate formed
quickly with MsCl and triethylamine and it was more stable.
Reaction of mesylate 22 with TBAFe in an 8 : 1 mixture of
toluene and dichloromethane at 0 ◦C gave diastereoisomeric (g3-
allyl)iron complexes 11 in 50% yield. The dr (4 : 1) was ascertained
by integration of the C2H signals in the 1H NMR spectrum of
the mixture (see the experimental data).24 The red, air-sensitive
complexes 11 were separable with difficulty by column chromatog-
raphy but the major diastereoisomer was more easily obtained by
crystallisation from pentane. Reaction of pure (2R,4S)-11 with
lithium dibutylcuprate gave a 74% yield of a single adduct 23
whose structure and stereochemistry was determined by X-ray
crystallography. Thus the reaction of a carbonyl-functionalised
neutral (g3-allyl)iron complex with organocuprates appears to


Scheme 5
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be both highly regioselective and stereospecific with nucleophilic
attack occurring anti to the metal.


The foregoing experiments indicate that the formation of
diastereoisomers (4S)- and (4R)-9 from the reaction depicted in
Scheme 4 was due to reaction of cuprate 17 with a 4 : 1 mixture of
(2R,4S)-14 and (2S,4R)-14, the mixture being generated during
the reaction of TBAFe with tosylate (R)-13 (Scheme 6). The
stereochemistry can be rationalised in terms of the competition
between the SN2 and SN2′ pathways (syn and anti) leading to the
g1-allyl intermediates (S)-24, (S)-25 and (R)-25 which expel CO
to form the enantiomeric (g3-allyl)iron complexes 14.31 Precedent
from the Nakanishi group26 indicated that in nonpolar solvents
such as toluene, (2R,4S)-14 should have predominated (er = 97 :
3) whereas our results (er = 4 : 1) are less impressive.


Scheme 6


Proof that neutral (g3-allyl)iron complexes react with
organocuprates efficiently and with high anti stereoselectivity as
detailed above paved the way for a satisfactory conclusion to
the synthesis of the C1–C9 fragment 3 (Scheme 7). Reaction of
cuprate 17 (2 equiv.) with (2R,4S)-11 in Et2O–THF at −78 ◦C
followed by oxidative demetallation gave the adduct 26 as a single
diastereoisomer in 51% yield. Hydrogenation of the enamide 26
gave the saturated amide 27 in quantitative yield but hydrolysis
of the secondary amide was problematic. It was inert towards
N-nitrosation thereby precluding cleavage via the N-nitrosamide
using the procedure of Mori.32 Base hydrolysis of the amide using
5 M KOH in MeOH at reflux for 2 d resulted in decomposition
of the starting material. A 3-step procedure of Grieco33 was
successful. Formation of the N-Boc derivative 28 followed by base
hydrolysis using 1 M LiOH and methylation of the resulting acid
using trimethylsilyldiazomethane gave 3 in 68% yield from 27. The
structure and stereochemistry of 3 was proved by comparison of
the 1H and 13C NMR spectra (500 and 125 MHz, respectively) with


Scheme 7


an authentic sample prepared by a stereochemically unambiguous
route.18


Synthesis of the C10–C16 fragment 4


Three syntheses of the C10–C16 fragment were accomplished
based on (1) a classical resolution, (2) the use of a chiral auxiliary
and (3) a catalytic asymmetric process. The first route (Scheme 8)
began with methanolysis of meso-2,4-dimethylglutaric anhydride
(15) followed by resolution of the resultant carboxylic acid with
(+)-a-methylbenzylamine.34,35 The scalemic acid 29 was converted


Scheme 8
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to the a-diazoketone 30 which underwent a Wolff rearrangement
on treatment with silver(I) oxide at 0 ◦C to give the carboxylic
acid 31. Selective reduction of the carboxylic acid with borane
dimethylsulfane complex generated the alcohol 32 (44% overall
yield from 29) whereupon four simple transformations were used
to obtain the target a-diazoketone 4. The first route benefits from
easy scalability for all steps, except the Wolff rearrangement, and
the low cost of the reagents.


In the second route (Scheme 9) both stereogenic centres were
generated by sequential alkylation of the lithium enolate derived
from (1S,2S)-(+)-pseudoephedrine propionamide (35) according
to the procedure of Myers.36–38 Both alkylation reactions proceeded
with high diastereoselectivity (dr = 98 : 2) and gave the alcohol
39 in 48% overall yield. Oxidation of 38 by the procedure of
Sharpless and co-workers39 gave carboxylic acid 33 which is an
intermediate in route 1 described above. Route 2 is short and highly
stereoselective but (1S,2S)-(+)-pseudoephedrine propionamide is
expensive.


Scheme 9


The third and final route (Scheme 10) is in principle the most
attractive because it exploits the Negishi–Kondakov zirconium-
catalysed asymmetric carboalumination (ZACA) of terminal
alkenes40,41 to create the two stereogenic centres. The reaction
is a rare example of an asymmetric catalytic carbometallation
process and its prowess has been amply demonstrated in syntheses
of polypropionates17,42–45 and terpenoids.46,47 We began with the
known48 methylalumination of the alkene 40 catalysed by 0.5 mol%
of bis[(−)-1-neomenthylindenyl)zirconium dichloride (41).49 After
oxidation of the intermediate alane, the alcohol 36 was obtained
in 74% yield and the Mosher ester revealed an er = 88 :
12. Attempts to displace the tosylate derived from 36 using
vinylmagnesium bromide and dilithium tetrachlorocuprate failed
but the corresponding iodoalkane 37 reacted slowly (44 h) at r.t.
in the presence of one equivalent of dilithium tetrachlorocuprate
to give the desired alkene 43 in <40% yield. A faster and more
efficient route entailed a Negishi coupling43 of the organozinc


Scheme 10


derivative 42 with vinyl bromide in the presence of 5 mol% of
Pd(0) to give the alkene 43 contaminated by the TBDPS ether
of 3-methylbutanol (ca. 10 mol%). This mixture underwent a
second ZACA reaction to give a diastereoisomeric mixture of
alcohols (dr = 2.3 : 1) in 51% overall yield from 37. Although
the desired (2R,4S)-diastereoisomer 39 was the major product, it
was difficult to separate from its (2S,4S)-diastereoisomer and so
further optimisation of the ZACA route was abandoned.


Union of fragments 3 and 4 to give the C1–C16 fragment 2


In their total syntheses of ionomycin, Evans,3 Hanessian4 and
Lautens5 generated the b-diketone moiety spanning C9–C11 by
consecutive aldol and oxidation reactions. We exploited a protocol
devised by Pellicciari and co-workers50 whereby LDA was added
to a mixture of aldehyde 44 and a-diazoketone 4 at −78 ◦C
(Scheme 11). The metallated a-diazoketone 46, generated in situ,
added to the aldehyde to form the b-hydroxy-a-diazoketone 47
which was then treated with Rh2(OAc)4 (1 mol%). The resultant
carbene inserted into the adjacent C–H bond to generate the C1–
C16 fragment 2 in 60% overall yield as a single diastereoisomer.


In conclusion, we have shown that functionalised neutral (g3-
allyl)iron complex (2R,4S)-11 reacts with organocuprate nucle-
ophiles regioselectively anti to the iron. Thus, a major limitation
to the use of the related ester-functionalised cationic (g3-allyl)-iron
and -molybdenum complexes 7 and 8, their inefficient reaction
with alkylmetal nucleophiles,18 has been addressed. But, there is a
weevil in the wheat: the synthesis of the neutral complex (2R,4S)-
11 from scalemic allylic mesylate 22 is stereoselective and proceeds
mainly by inversion but there is significant contribution from a
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Scheme 11


pathway that proceeds by retention even in non-polar solvents—
contrary to the report of Nakanishi and co-workers.24 In the
present case this vexation was inconsequential because the major
complex could be obtained by crystallisation but extrapolation
to other systems may be more difficult. Therefore, the synthetic
potential of neutral (g3-allyl)iron electrophiles will only be realised
in full when the issue of their synthesis is resolved. A further
markworthy feature of our approach to the C1–C16 fragment
2 of ionomycin is the use of the Pellicciari protocol50 for the
construction of the b-diketone moiety.


Experimental


All reactions requiring anhydrous conditions were conducted
under a nitrogen atmosphere in flame-dried glassware. Where
appropriate, solvents and reagents were dried by standard meth-
ods, i.e., distillation from the usual drying agent under a nitrogen
atmosphere prior to use: THF and Et2O from sodium benzophe-
none ketyl; CH2Cl2, DME, MeCN, PhH and PhMe from CaH2.
Reactions were magnetically stirred and monitored by TLC using
0.25 mm E. Merck pre-coated silica gel plates and visualized
with UV light followed by phosphomolybdic acid. All organic
extracts were dried over Na2SO4 and concentrated in vacuo using
a Büchi rotary evaporator. Yields refer to chromatographically
and spectroscopically pure products unless stated otherwise.


Infrared spectra were recorded neat on NaCl plates, details are
reported as mmax in cm−1, followed by an intensity descriptor: s =
strong, m = medium, w = weak, br = broad. Magnetic resonance
spectra were recorded on Bruker 300 and 500 MHz spectrometers
in the solvents specified and the chemical shifts (d) reported in
ppm relative to the residual signals of chloroform (dH = 7.27,
dC = 77.2) or benzene dH = 7.37, dC = 128.4). Coupling constants
(J) are reported in Hz with multiplicities described using the
following abbreviations: s = singlet, d = doublet, t = triplet,
q = quartet, quint = quintet, sext = sextet, sept = septet, m =
multiplet and signal assignments based on COSY and HMQC
correlation experiments. In the 13C NMR spectra, multiplicities
and signal assignments were elucidated using DEPT 135 and
HMBC correlation experiments. Mass spectra are reported as
values in atomic mass units followed by the peak intensity relative
to the base peak (100%). Specific optical rotations were recorded
at ambient temperature (22 ± 3 ◦C) on an AA 1000 polarimeter
reported in 10−1deg m−2g−1.


(2S,4R)-5-(tert-Butyldiphenylsilyloxy)-1-iodo-2,4-
dimethylpentane (16)


tert-Butyldiphenylsilyl chloride (1.8 g, 6.5 mmol) in CH2Cl2 (3 mL)
was added to a solution of (2S,4R)-5-iodo-2,4-dimethylpentan-1-
ol18 (1.6 g, 6.5 mmol), imidazole (575 mg, 8.5 mmol) and DMAP
(24 mg, 0.2 mmol) in CH2Cl2 (7 mL) and the resulting suspension
was stirred at r.t. for 1 h. H2O (10 mL) was added to the reaction
mixture and the layers were separated. The aqueous layer extracted
with CH2Cl2 (2 × 10 mL). The combined organic layers were dried
(Na2SO4), filtered and concentrated in vacuo to give a colourless
oil. Purification by column chromatography [SiO2, hexanes] gave
the title compound 16 (3.1 g, 6.45 mmol, 99%) as a colourless oil:
[a]D = −8.0 (c = 1.0, CHCl3). 1H NMR (500 MHz, CDCl3): d =
7.68 (4H, d, J 6.8, Ph), 7.46–7.38 (6H, m, Ph), 3.51 (1H, dd, J
9.8, 5.6, C1HAHB), 3.45 (1H, dd, J 9.8, 6.0, C1HAHB), 3.24 (1H,
dd, J 9.6, 3.6, C5HAHB), 3.09 (1H, dd, J 9.6, 5.8, C5HAHB), 1.72
(1H, apparent oct, J 6.4, C2H), 1.53–1.46 (1H, m, C4H), 1.47
(1H, ddd, J 7.3, 6.6, 5.5, C3HAHB), 1.08 (9H, s, (CH3)3Si), 1.01
(1H, ddd, J 7.3, 6.6, 5.5, C3HAHB), 0.96 (3H, d, J 6.4, C2CH3),
0.95 (3H, d, J 6.8, C4CH3). 13C NMR (75 MHz, CDCl3): d =
135.8 (4C, Ph), 134.1 (2C, Ph), 129.7 (2C, Ph), 127.8 (4C, Ph), 68.9
(C1H2), 40.5 (C3H2), 33.3 (C4H), 32.0 (C2H), 27.1 ((CH3)3CSi),
21.6 (C4CH3), 19.5 ((CH3)3CSi), 18.3 (C5H2), 17.5 (C2CH3). IR
(neat, NaCl plates): m = 3070 s, 2958 s, 2929 s, 1472 m, 1427 m,
1389 m, 1378 m, 1194 m, 1111 s cm−1. LRMS (ES mode) m/z =
481 [MH+, 10%], 225 (100). HRMS (ES mode): m/z = 481.1441
[MH+, 10%]; calculated for C23H34IOSi [MH+]: m/z = 481.1424.
Anal. calcd for C23H33IOSi: C, 57.49; H, 6.92. Found: C, 57.6; H,
6.95.


(1′S)-Diethyl 2-oxo-2-(1′-phenylethylamino)ethylphosphonate (19)


DMAP (4.9 g, 40 mmol) then EDCI·HCl (7.7 g, 40.0 mmol)
were added to a colourless solution of diethylphosphonoacetic
acid (3.2 mL, 20 mmol) and (S)-a-methylbenzylamine (2.6 mL,
20.0 mmol) in CH2Cl2 (500 mL) at r.t. The resulting colourless
solution was strirred at r.t. for 2 h. HCl (1 M, 500 mL) was added
to the reaction mixture and the layers separated. The organic
layer washed with HCl (1 M, 500 mL), then brine (500 mL),
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dried (Na2SO4), filtered and concentrated in vacuo to give the
title compound 19 (5.7 g, 18.9 mmol, 94%) as a colourless oil:
[a]D −48.4 (c = 1.0, CHCl3). 1H NMR (500 MHz, CDCl3):
d = 7.36–7.29 (4H, m, Ph), 7.26–7.21 (1H, m, Ph), 7.14 (1H,
broad s, NH), 5.11 (1H, apparent quint, J 7.3, C1′H), 4.14 (2H,
overlapping dq, J 15.0, 7.3, OCH2CH3), 4.02 (2H, overlapping
dq, J 15.0, 7.3, OCH2CH3), 2.86 (1H, dd, J 20.9, 15.4, C2HAHB),
2.81 (1H, overlapping dd, J 20.5, 15.4, C2HAHB), 1.49 (3H, d, J
6.8, C1′CH3), 1.34 (3H, t, J 7.3, OCH2CH3), 1.22 (3H, t, J 7.3,
OCH2CH3). 13C NMR (75 MHz, CDCl3): d = 163.0 (C=O), 143.1
(Ph), 128.5 (2C, Ph), 128.4 (Ph), 127.1 (Ph), 126.0 (3C, Ph), 62.6
(2C, 2J (31P-13C) = 6.9, OCH2CH3), 49.1 (C1′H), 35.0 (d, 1J (31P–
13C) 131.0, C2H2), 22.0 (C1′CH3), 16.2 (2C, t, 3J (31P–13C) 6.9,
OCH2CH3). IR (neat): m = 3280 s, 3064 s, 2981 s, 2932 s, 1651 s,
1552 s 1245 s cm−1. LRMS (ES mode): m/z = 300 [MH+, 100%],
197 (30), 196 (75), 179 (65), 168 (20).


(2E,1′S,4R)-4-(tert-Butyldimethylsilyloxy)pent-2-enoic acid
(1′-phenylethyl) amide (20)


Phosphonate 19 (2.9 g, 9.6 mmol) in THF (19 mL) was added
via a cannula to a suspension of NaH (60% dispersion in mineral
oil, 385 mg, 9.6 mmol) in THF (19 mL) at 0 ◦C. The resulting
white suspension was stirred at r.t. for 2 h. The aldehyde (R)-1851


(1.7 g, 9.2 mmol) in THF (10 mL + 3 mL rinse) was added via a
cannula and the resulting suspension was stirred at r.t. for 18 h. The
reaction was quenched with pre-mixed NH4Cl (saturated aqueous,
25 mL) and brine (25 mL), the layers separated and the aqueous
layer extracted with Et2O (3 × 50 mL). The combined organic
layers were dried (Na2SO4), filtered and concentrated in vacuo to
give a yellow oil. Purification by column chromatography [SiO2,
hexanes–Et2O (3 : 1)] followed by recrystallisation from hexanes
gave the title compound 20 (1.7 g, 5.4 mmol, 58%) as colourless
needles: mp 70–72 ◦C; [a]D −91.8 (c = 1.0, CHCl3). 1H NMR
(500 MHz, CDCl3): d = 7.28 (4H, m, Ph), 7.23–7.17 (1H, m, Ph),
6.78 (1H, dd, J 15.0, 3.9, C3H), 5.87 (1H, d, J 15.0, C2H), 5.63
(1H, broad s, NH), 5.15 (1H, apparent quint, J 7.3, C1′H), 4.42–
4.36 (1H, m, C4H), 1.45 (3H, d, J 6.8, C1′CH3), 1.17 (3H, d, J 6.4,
C5H3), 0.84 (9H, s, (CH3)3CSi), 0.00 (6H, s, (CH3)2Si). 13C NMR
(75 MHz, CDCl3): d = 165.1 (C1), 148.4 (C3H), 143.3 (Ph), 128.8
(Ph), 127.6 (2C, Ph), 126.5 (2C, Ph), 120.9 (C2H), 67.9 (C4H),
48.9 (C1′H), 26.0 ((CH3)3CSi), 23.9 (C1′CH3), 21.8 (C5H3), 18.4
((CH3)3CSi), −4.7 ((CH3)2Si). IR (neat): m = 1668 s, 1633 s cm−1.
LRMS (ES mode): m/z = 334 [MH+, 100%], 230 (20), 213 (65)
202 (35). Anal. calcd for C19H31NO2Si: C, 68.5; H, 9.15; N, 4.3.
Found: C, 68.5; H, 9.15; N 4.2.


(2E,1′S,4R)-4-Hydroxypent-2-enoic acid (1′-phenylethyl) amide
(21)


Concentrated HCl (1 mL) was added dropwise to a solution of
silyl ether 20 (1.4 g, 4.2 mmol) in i-PrOH (20 mL) at 0 ◦C and
the resulting colourless solution stirred at r.t. for 18 h. Solid
NaHCO3 was added portionwise until no further gas evolution
was observed. H2O (10 mL) and CH2Cl2 (10 mL) was added,
the layers separated and the aqueous layer extracted with CH2Cl2


(3 × 10 mL). The combined organic layers were dried (Na2SO4),
filtered and concentrated in vacuo to give a clear, colourless oil.
Purification by column chromatography [SiO2, hexanes–EtOAc


(1 : 5)] followed by recrystallisation from hexanes gave the title
compound 21 (0.9 g, 4.1 mmol, 98%) as a colourless solid: mp 76–
77 ◦C; [a]D −159 (c = 0.5, CHCl3). 1H NMR (500 MHz, CDCl3):
d = 7.35–7.30 (4H, m, Ph), 7.28–7.24 (1H, m, Ph), 6.82 (1H, dd,
J 15.2, 4.5, C3H), 6.10 (1H, broad s, NH), 5.96 (1H, dd, J 15.2,
1.7, C2H), 5.18 (1H, apparent quint, J 7.5, C1′H), 4.40 (1H, m,
C4H), 2.53 (broad s, OH), 1.51 (3H, d, J 6.8, C1′CH3), 1.28 (3H,
d, J 6.6, C5H3). 13C NMR (75 MHz, CDCl3): d = 165.1 (C1),
147.5 (C3H), 143.3 (Ph), 128.8 (2C, Ph), 127.6 (Ph), 126.4 (2C,
Ph), 121.9 (C2H), 67.3 (C4H), 49.0 (C1′H), 23.0 (C1′CH3), 21.8
(C5H3). IR (neat): m = 3469 s, 1658 s, 1633 s cm−1. LRMS (ES
mode): m/z = 220 [MH+, 100%]. Anal. calcd for C13H17NO2: C,
71.21; H, 7.81; N, 6.39. Found: C, 71.25; H, 7.75; N, 6.4.


(2E,1′S,4R)-4-(Methanesulfonyloxy)pent-2-enoic acid
(1′-phenylethyl) amide (22)


MsCl (0.35 mL, 4.6 mmol) was added dropwise to a colourless
solution of the alcohol 21 (1.0 g, 4.6 mmol), Et3N (0.63 mL,
4.6 mmol) and CH2Cl2 (65 mL) at 0 ◦C. The resulting clear,
colourless solution was stirred at 0 ◦C for 1 h. The reaction
was quenched with NaHCO3 (saturated aqueous, 60 mL), the
layers separated and the aqueous layer extracted with CH2Cl2


(2 × 60 mL). The combined organic layers were washed with HCl
(1 M, 60 mL, chilled using an ice-water bath), dried (Na2SO4),
filtered and concentrated in vacuo to give the title compound 22
(1.4 g, 4.6 mmol, 100%) as a colourless solid that was used with no
further purification. 1H NMR (500 MHz, CDCl3): d = 7.31–7.24
(4H, m, Ph), 7.23–7.18 (1H, m, Ph), 6.73 (1H, dd, J 15.4, 5.6,
C3H), 6.01 (1H, d, J 15.4, C2H), 6.59 (1H, broad s, NH), 5.27
(1H, apparent quint, J 6.4, C4H), 5.12 (1H, apparent quint, J 7.3,
C1′H), 2.93 (3H, s, OSO2CH3), 1.46 (3H, d, J 7.3, C1′CH3), 1.45
(3H, d, J 6.4, C5CH3). 13C NMR (75 MHz, CDCl3): d = 163.6
(C1), 142.9 (Ph), 140.6 (C3H), 128.9 (2C, Ph), 127.7 (Ph), 126.4
(2C, Ph), 126.4 (Ph), 125.1 (C2H), 77.3 (C4H), 49.3 (C1′H), 39.1
(OSO2CH3), 21.8 (C1′CH3), 21.4 (C5CH3). IR (neat): m = 3332
br, 1671 s, 1630 s, 1531 s, 1445 s, 1338 s cm−1. LRMS (ES mode):
m/z = 320 [MNa+, 80%], 298 [MH+, 95], 265 (40), 236 (20), 224
(35), 202 (100).


Neutral iron complex (2R,4S)-11


Mesylate 22 (221 mg, 0.74 mmol) in CH2Cl2 (0.4 mL) was added in
one portion to tetrabutylammonium tricarbonylnitrosylferrate52


(TBAFe, 306 mg, 0.74 mmol) in PhMe (3.5 mL) at 0 ◦C. The
resulting red–orange mixture was stirred at 0 ◦C for 1 h and at
r.t. for a further 18 h. The reaction mixture was passed rapidly
through a SiO2 column under N2 eluting with degassed CH2Cl2,
the 2 characteristic red bands were collected and concentrated in
vacuo to give a mixture of the title compounds (2R,4S)-11 and
(2S,4R)-11 (128 mg, 0.37 mmol, 50%, dr = 4 : 1) as a red oily
solid. Recrystallisation of the mixture from pentane (ca. 15 mL)
gave (2R,4S)-11 (86 mg) as a red solid: mp 130 ◦C (dec.); [a]D −132
(c = 0.2, CHCl3). 1H NMR (300 MHz, CDCl3): d = 7.42–7.28 (5H,
m, Ph), 5.96 (1H, broad d, J 7.7, NH), 5.27 (1H, apparent quint, J
6.9, C1′H), 5.04 (1H, dd, J 12.0, 10.2, C3H), 4.22 (1H, overlapping
dq, J 12.3, 6.2, C4H), 3.59 (1H, d, J 10.2, C2H), 2.01 (3H, d, J 6.1,
C5H3), 1.59 (3H, d, J 6.7, C1′CH3). 13C NMR (75 MHz, CDCl3):
d = 217.9 (CO), 217.4 (CO), 170.1 (C1), 143.3 (Ph), 128.8 (2C, Ph),
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127.5 (Ph), 126.5 (2C, Ph), 96.8 (C4H), 77.0 (C3H), 60.5 (C2H),
49.4 (C1′H), 21.8 (C1′CH3), 19.8 (C5H3). IR (solid): m = 3277 s,
3076 s, 3029 s, 2979 s, 2023 s, 1964 s, 1731 s, 1634 s, 1555 s cm−1.
LRMS (ES mode): m/z = 345 [MH+, 5%], 330 (90), 300 (95), 289
(50), 259 (5), 242 (100).


The mother liquors were concentrated in vacuo to give enriched
(2S,4R)-11 (42 mg) as a red oil. The dr was assigned from the 1H
NMR spectra by integration of the signals for the C2H at dH =
3.59 (d, J 10.2) for (2R,4S)-11 and 3.57 (d, J 10.2) for (2S,4R)-11.24


(2E,1′S,4S)-4-Methyl-N-(1′-phenylethyl)oct-2-enamide (23)


A solution of CuBr·SMe2 (215 mg, 1.05 mmol) in diisopropylsul-
fane (1 mL + 0.9 mL rinse) at 0 ◦C was added in one portion to
n-BuLi (1.57 M in hexanes, 1.33 mL, 2.09 mmol) in Et2O (21 mL) at
−78 ◦C and the resulting red–brown solution was stirred at −78 ◦C
for 1 h. The reaction mixture was allowed to warm to −50 ◦C for
30 min then recooled to −78 ◦C. Complex (2R,4S)-11 (180 mg,
0.52 mmol) in THF (8.8 mL) at −50 ◦C was added dropwise
to the reaction mixture at −78 ◦C and the resulting red-brown
suspension stirred at −78 ◦C for 4 h and allowed to warm to r.t.
slowly (16 h) forming a dark brown suspension. The reaction was
quenched with pre-mixed NH4OH (10 mL) and NH4Cl (saturated
aqueous, 10 mL) at r.t. and O2 was bubbled through the reaction
mixture for 1 h. The layers were separated and the aqueous layer
extracted with Et2O (3 × 20 mL). The combined organic layers
were dried (Na2SO4), filtered and concentrated in vacuo to give a
yellow–orange oil. Purification by column chromatography [SiO2,
hexanes–Et2O (2 : 1)] followed by recrystallisation from hexanes
gave the title compound 23 (100 mg, 0.4 mmol, 74%) as colourless
needles: mp 87–88 ◦C; [a]D −84.0 (c = 0.5, CHCl3). 1H NMR
(500 MHz, CDCl3): d = 7.38–7.32 (4H, m, Ph), 7.30–7.24 (1H,
m, Ph), 6.77 (1H, dd, J 15.2, 7.7, C3H), 5.71 (1H, d, J 15.2,
C2H), 5.67 (1H, broad d, J 7.1, NH), 5.22 (1H, apparent quint,
J 7.5, C1′H), 2.25 (1H, apparent sept, J 7.1, C4H), 1.53 (3H,
d, J 6.8, C1′CH3), 1.41–1.20 (6H, m, C5H2/C6H2/C7H2), 1.04
(3H, d, J 6.6, C4CH3), 0.88 (3H, t, J 6.6, C8H3). 13C NMR
(75 MHz, CDCl3): d = 165.4 (C1), 150.8 (C3H), 143.4 (Ph),
128.8 (2C, Ph), 127.5 (Ph), 126.5 (2C, Ph), 121.9 (C2H), 48.8
(C1′H), 36.5 (C4H), 36.0 (C5H2), 29.6 (C6H2), 22.9 (C7H2), 21.8
(C1′CH3), 19.8 (C4CH3), 14.8 (C8H3). IR (neat): m = 3282 s, 1666 s,
1623 s cm−1. LRMS (ES mode): m/z = 282 [MNa+, 10%], 260
[MH+, 100]. HRMS (ES mode): m/z calculated for C17H26NO
[MH+]: 260.2014; found: 260.2008. Anal. calcd for C17H25NO: C,
78.72; H, 9.71; N, 5.40. Found: C, 78.60; H, 9.55; N, 5.35.


A single crystal X-ray analysis defined the relative stereochem-
istry of the amide 23 (Fig. 1). C17H25NO, monoclinic, space group
P21, a = 11.2621(11) Å, b = 5.2062(5) Å, c = 14.3092(14) Å, V =
792.83(13) Å3, Z = 2, qcalc = 1.087 Mg m−3, l = 0.066 mm−1,
crystal size: 0.38 × 0.15 × 0.10 mm, data collection range: 2.80 ≤
h ≤ 25.99◦, 33635 measured reflections, final R(wR) values: 0.0319,
(0.0818) for 1743 independent data and 178 parameters [I > 2r(I)],
largest residual peak and hole: 0.301, −0.145 e Å−3.†


Hydrogen atoms were positioned geometrically with the follow-
ing carbon–hydrogen distances: aromatic, 0.95 Å; olefinic, 0.95 Å;
methyl, 0.98 Å; methylene, 0.99 Å; methine, 1.00 Å. H8 attached to


† CCDC reference number 606362. For crystallographic data in CIF
format see DOI: 10.1039/b606262h


Fig. 1 X-Ray structure of amide 23. The ellipsoid probabilities are 50%.


N8 was positioned in a planar configuration and the distance N8-
H8 refined to 0.85(3) Å. All Uiso(H) values were constrained to
be 1.2 times Ueq of the parent atom. In the absence of significant
anomalous scattering effects, the absolute stereochemistry could
not be determined from the X-ray data and Friedel pairs were
merged. The model was assigned on the basis of the known (S)-
configuration of the phenethylamine.


(2E,1′S,4S,6S,8S,)-9-(tert-Butyldiphenylsilyloxy)-4,6,8-
trimethyl-N-(1′-phenylethyl)non-2-enamide (26)


t-BuLi (1.65 M in pentane, 4.0 mL, 6.6 mmol) was added dropwise
to a solution of iodoalkane 16 (1.6 g, 3.3 mmol) in Et2O (35 mL) at
−78 ◦C and the resulting suspension stirred at −78 ◦C for 1 h. The
mixture was allowed to warm to r.t. slowly (1 h) and the pale yellow
solution then re-cooled to −78 ◦C. CuBr·SMe2 (340 mg, 1.7 mmol)
in diisopropylsulfane (2.5 mL, 0.5 mL rinse) was added rapidly to
the reaction mixture at −78 ◦C, the resulting yellow suspension
stirred at −78 ◦C for 1 h. The mixture was allowed to warm to
−50 ◦C for 30 min forming a pale yellow–orange suspension of
the cuprate 17, and then recooled to −78 ◦C. Complex (2R,4S)-
11 (285 mg, 0.8 mmol) in THF (12 mL, 2 mL rinse) was added
dropwise to the reaction mixture at −78 ◦C. The resulting orange–
brown suspension was stirred at −78 ◦C for 4 h and allowed
to warm to r.t. slowly (24 h) to give a dark brown suspension.
The reaction was quenched with a solution composed of NH4OH
(25 mL) and NH4Cl (saturated aqueous, 25 mL) at r.t. whereupon
O2 was bubbled through the reaction mixture for 2 h. The layers
were separated and the aqueous layer extracted with Et2O (3 ×
50 mL). The combined organic layers were dried (Na2SO4), filtered
and concentrated in vacuo to give a yellow–orange oil. Purification
by column chromatography [SiO2, hexanes–Et2O (5 : 1 → 3 : 1 →
2 : 1)] gave the title compound 26 (235 mg, 0.42 mmol, 51%) as
a pale red oil: [a]D −42.9 (c = 0.5, CHCl3). 1H NMR (500 MHz,
CDCl3): d = 7.68–7.64 (4H, m, Ph), 7.43–7.31 (10H, m, Ph), 7.29–
7.25 (1H, m, Ph), 6.78 (1H, dd, J 15.2, 7.5, C3H), 5.64 (1H,
dd, J 15.2, 1.1, C2H), 5.56 (1H, broad d, J 7.7, NH), 5.21 (1H,
apparent quint, J 7.7, C1′H), 3.49 (1H, dd, J 9.8, 5.1, C9HAHB),
3.41 (1H, dd, J 9.8, 6.2, C9HAHB), 2.34 (1H, m, C4H), 1.71 (1H,
apparent oct, J 6.6, C8H), 1.56–1.46 (1H, m, C6H), 1.52 (3H, d,
J 7.1, C1′CH3), 1.36 (1H, dt, J 13.7, 6.7, C7HAHB), 1.23 (1H,
ddd, J 13.6, 8.9, 5.2, C5HAHB), 1.12 (1H, ddd, J 13.6, 8.9, 5.2,
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C5HAHB), 1.05 (9H, s, (CH3)3CSi), 0.98 (3H, d, J 6.8, C4CH3),
0.96–0.86 (1H, m, C7HAHB), 0.92 (3H, d, J 6.6, C8CH3), 0.81 (3H,
d, J 6.3, C6CH3). 13C NMR (75 MHz, CDCl3): d = 165.4 (C1),
151.4 (C2H), 143.3 (Ph), 135.8 (4C, Ph), 134.3 (Ph), 134.2 (Ph),
129.7 (2C, Ph), 128.9 (2C, Ph), 127.8 (4C, Ph), 127.6 (Ph), 126.5
(2C, Ph), 121.3 (C2H), 69.1 (C9H2), 48.9 (C1′H), 43.6 (C5H2), 41.8
(C7H2), 33.8 (C4H), 33.3 (C8H), 27.9 (C6H), 27.1 ((CH3)3CSi),
21.8 (C4CH3), 20.4 (C6CH3), 19.5 ((CH3)3CSi), 19.1 (C1′CH3),
17.9 (C8CH3). IR (neat): m = 3266 br, 1665 m, 1626 s cm−1. LRMS
(ES mode): m/z = 578 [MNa+, 65%], 556 [M+, 30], 479 (80),
478 (100). HRMS (ES mode): m/z calculated for C36H49NO2NaSi
[MNa+]: 578.3430; found: 578.3419.


(2E,1′S,4R,6S,8S)-9-(tert-Butyldiphenylsilyloxy)-4,6,8-trimethyl-
N-(1′-phenylethyl)nonanamide (27)


A mixture of 26 (225 mg, 0.4 mmol) and Pd(OH)2 (20% on
activated charcoal, 10 mg) in MeOH (8 mL) at r.t. was stirred
under an atmosphere of hydrogen for 24 h. The reaction mixture
was filtered through a celite pad washing the black residue with
MeOH (10 mL) and CH2Cl2 (30 mL) and the filtrate concentrated
in vacuo. The residue was purified by column chromatography
[SiO2, hexanes–Et2O (1 : 1)] to give the title compound 27 (229 mg,
0.4 mmol, 100%) as a colourless oil: [a]D −6.2 (c = 0.5, CHCl3).
1H NMR (500 MHz, CDCl3): d = 7.72–7.67 (4H, m, Ph), 7.47–
7.33 (10H, m, Ph), 7.31–7.27 (1H, m, Ph), 5.63 (1H, broad s,
NH), 5.18 (1H, apparent quint, J 6.6, C1′H), 3.52 (1H, dd, J 9.9,
5.5, C9HAHB), 3.44 (1H, dd, J 9.9, 6.4, C9HAHB), 2.22 (2H, m,
C2H2), 1.75 (1H, apparent oct, J 6.6, C8H), 1.51 (3H, d, J 6.8,
C1′CH3), 1.62–1.47 (3H, m, C4H/C6H/C3HAHB), 1.31 (1H, dt,
J 13.7, 6.8, C7HAHB), 1.08 (9H, s, (CH3)3CSi), 1.12–1.05 (1H,
m, C5HAHB), 0.95 (3H, d, J 6.6, C8CH3), 1.02–0.91 (3H, m,
C3HAHB/C5HAHB/C7HAHB), 0.85 (3H, d, J 6.2, C4CH3), 0.80
(3H, d, J 6.6, C6CH3). 13C NMR (75 MHz, CDCl3): d = 172.5
(C1), 143.4 (Ph), 135.8 (4C, Ph), 134.3 (2C, Ph), 129.7 (2C, Ph),
128.9 (2C, Ph), 127.8 (4C, Ph), 127.5 (Ph), 126.4 (2C, Ph), 69.2
(C9H2), 48.7 (C1′H), 44.3 (C5H2), 42.3 (C7H2), 34.9 (C2H2), 34.1
(C3H2), 33.2 (C8H), 30.1 (C4H), 27.6 (C6H), 27.1 ((CH3)3CSi),
21.9 (C1′CH3), 20.2 (C6CH3), 19.5 ((CH3)3CSi), 19.1 (C4CH3),
17.7 (C8CH3). IR (neat): m = 3282 br, 1639 s cm−1. LRMS (ES
mode): m/z = 580 [MNa+, 55%], 558 [MH+, 100], 481 (98), 480
(100). HRMS (ES mode): m/z calculated for C36H52NO2Si [MH+]:
558.3767; found 558.3782.


Methyl [4R,6S,8S]-9-(tert-Butyldiphenylsilyloxy)-4,6,8-
trimethylnonanoate (3)


LHMDS (2.0 M in THF, 0.14 mL, 0.14 mmol) was added dropwise
to 27 (70 mg, 0.13 mmol) in THF (3 mL) at −10 ◦C and the
resulting pale yellow solution stirred at −5 ◦C for 30 min. Boc2O
(82 mg, 0.38 mmol) in THF (1 mL, 0.4 mL rinse) was added to the
reaction mixture and the resulting yellow solution stirred at r.t. for
30 min. DMAP (3 mg, 0.025 mmol) in THF (0.3 mL) was added
to the reaction mixture at r.t. and the resulting yellow suspension
stirred at r.t. for 1 h, then heated at 45 ◦C for 3 h. The reaction
was quenched with NH4Cl (saturated aqueous, 5 mL) and Et2O
(5 mL), the layers separated and the aqueous layer extracted with
Et2O (2 × 10 mL). The combined organic layers were washed
with H2O (10 mL) and brine (10 mL), dried (Na2SO4), filtered


and concentrated in vacuo to give the crude N-Boc amide 28 (and
Boc2O) as a yellow oil which was used with no further purification.


LiOH (1 M solution, 0.38 mL, 0.38 mmol) was added to the
crude N-Boc amide 28 in THF (1 mL) and the resulting yellow
mixture heated under reflux for 4 h. The THF was removed in vacuo
and the aqueous solution poured into a stirred solution of HCl
(1 M, 10 mL) and Et2O (10 mL). The layers were separated and
the aqueous layer extracted with Et2O (2 × 10 mL). The combined
organic layers were dried (Na2SO4), filtered and concentrated in
vacuo. The residue was dissolved in PhH (3 mL) and MeOH (1 mL)
at 0 ◦C whereupon TMSCHN2 (2 M solution in Et2O, 0.66 mL,
1.3 mmol) was added dropwise. The resulting yellow solution was
stirred at 0 ◦C for 2 h and concentrated in vacuo. The residue was
purified by column chromatography [SiO2, hexanes–Et2O (10 : 1)]
to give the title compound 3 (42 mg, 0.1 mmol, 68% over 3 steps)
as a colourless oil. The 1H and 13C NMR data recorded at 500
and 125 MHz, respectively, were identical to those obtained on a
sample of 3 prepared by an unambiguous route.18


(2R,4S)-6-Hydroxy-2,4-dimethylhexanoate (32)


Oxalyl chloride (0.75 mL, 8.7 mmol) was added dropwise to a
solution of (2R,4S)-2,4-dimethylpentanedioic acid monomethyl
ester 29 (500 mg, 2.9 mmol) in PhH (1 mL) at 0 ◦C and the resulting
solution stirred at 0 ◦C for 4 h [gas evolution was observed].
The reaction mixture was concentrated in vacuo to give the acid
chloride (1782 s, 1736 s cm−1) as a colourless oil that was used with
no further purification.


The acid chloride in PhH (2 mL) was added dropwise to a so-
lution of diazomethane [prepared from Diazald (2.0 g, 9.3 mmol)
in Et2O (45 mL)] at 0 ◦C and the resulting yellow solution stirred
at 0 ◦C for 2 h. The reaction mixture was concentrated in vacuo to
give the a-diazoketone 30 (2106 s, 1732 s cm−1) as an orange oil
that was used in the next step with no further purification.


The a-diazoketone 30 in dioxane (10 mL) was added dropwise
to a suspension of Ag2O (672 mg, 2.9 mmol) and Na2S2O3·5H2O
(720 mg, 2.9 mmol) in H2O (15 mL) at 0 ◦C [gas evolution was
observed]. The resulting dark suspension was stirred at 0 ◦C for
20 min and the reaction quenched with HCl (1 M, 30 mL). The
reaction mixture was filtered, the layers separated, and the aqueous
layer extracted with CH2Cl2 (3 × 30 mL). The combined organic
layers were dried (Na2SO4), filtered and concentrated in vacuo to
give the acid 31 (1737 s, 1710 s cm−1) as a yellow oil that was used
in the next step with no further purification.


BH3·SMe2 (2.0 M in THF, 1.6 mL, 3.2 mmol) was added
dropwise to a solution of the acid 31 in THF (10 mL) at −20 ◦C
and the resulting solution stirred at −20 ◦C for 1 h and allowed to
warm slowly to r.t. over 18 h. H2O (10 mL) and EtOAc (10 mL)
was added to the reaction mixture, the layers separated and the
aqueous layer extracted with EtOAc (3 × 10 mL). The combined
organic layers were dried (Na2SO4), filtered and concentrated in
vacuo. The residue was purified by column chromatography [SiO2,
hexanes–Et2O (1 : 1)] to give the title compound 32 (219 mg,
1.3 mmol, 44% over 4 steps) as a colourless oil: [a]D −28.9 (c = 2.5,
CHCl3). 1H NMR (500 MHz, CDCl3): d = 3.68 (1H, dt, J 10.7, 6.4,
C6HAHB), 3.69–3.63 (1H, m, C6HAHB), 3.68 (3H, s, OCH3), 2.62–
2.54 (1H, m, C2H), 1.77 (1H, m, C3HAHB), 1.63 (1H, broad s, OH),
1.61–1.52 (1H, m, C4H), 1.55–1.49 (1H, m, C5HAHB), 1.46–1.39
(1H, m, C5HAHB), 1.16 (3H, d, J 7.3, C6CH3), 1.18–1.11 (1H, m,
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C3HAHB), 0.93 (3H, J 6.4, C4CH3). 13C NMR (75 MHz, CDCl3):
d = 177.8 (C1), 60.9 (C6H2), 52.0 (OCH3), 41.0 (C5H2), 39.9
(C3H2), 37.5 (C6H), 27.8 (C4H), 20.0 (C6CH3), 18.4 (C4CH3).
IR (neat): m = 3420 br, 1736 s cm−1. LRMS (ES mode): m/z = 197
[MNa+, 80%], 175 [MH+, 95]. Anal. calcd for C9H18O3: C, 62.04;
H, 10.41. Found: C, 61.80; H, 10.60.


Conversion of 32 to 33


TBDPSCl (302 mg, 1.1 mmol) in CH2Cl2 (1.5 mL) was added
to a solution of alcohol 32 (188 mg, 1.08 mmol)), imidazole
(88 mg, 1.3 mmol) and DMAP (13 mg, 0.11 mmol) in CH2Cl2


(2 mL). The reaction was stirred at r.t. for 5 h whereupon CH2Cl2


(15 mL) and H2O (5 mL) was added and the layers separated.
The aqueous layer was extracted with CH2Cl2 (2 × 5 mL). The
combined organic layers were washed with H2O (10 mL), dried
(Na2SO4), filtered and concentrated in vacuo. The residue was
dissolved in THF (3 mL) to which was added methanolic LiOH
(3.0 M, 2.0 mL) and the mixture stirred at ambient temperature
until TLC indicated complete consumption of starting material
(ca. 2 h). The reaction mixture was poured into iced 0.1 M HCl
(10 mL) and the product extracted into CH2Cl2 (3 × 10 mL). The
combined organic layers were washed with H2O (5 mL), dried
(Na2SO4), filtered and concentrated in vacuo. The residue was
purified by column chromatography [SiO2 Et2O–hexanes (1 : 3)] to
give carboxylic acid 33 (409 mg, 1.03 mmol, 95%) as a colourless
oil. The spectroscopic data were identical to those recorded on a
sample of 33 prepared by a different route (see below).


(3R,5S)-7-(tert-Butyldiphenylsilyloxy)-1-diazo-3,5-
dimethylheptan-2-one (4)


Oxalyl chloride (35 lL, 0.4 mmol, 1.6 equiv) was added to
a solution of 33 (100 mg, 0.25 mmol, 1.0 equiv.) in CH2Cl2


(1 mL). The reaction was stirred at r.t. for 2 min before cooling
to 0 ◦C. DMF (1 drop) was added and immediate effervescence
occurred. The reaction was stirred at 0 ◦C until effervescence had
ceased (2 h). The resulting pale yellow solution was concentrated
in vacuo giving a yellow oil that was dissolved in MeCN–THF (1 :
1, 2 mL). The resulting pale yellow solution was added dropwise
to a solution of diazomethane [prepared from Diazald (1.5 g,
7.0 mmol) in Et2O (22 mL)] at 0 ◦C. The reaction was stirred for 1 h.
Thereafter, nitrogen was bubbled through the solution for 30 min
at 0 ◦C to give a colourless solution. The solution was concentrated
in vacuo. The residue was purified by column chromatography
[SiO2, Et2O–hexanes (1 : 5)] to give the title compound 4 (87 mg,
0.21 mmol, 82%) as a yellow oil: [a]24


D −20.95 (c = 0.21, CHCl3).
1H NMR (500 MHz, CDCl3): d = 7.67 (4H, dd, J 7.8 and 1.4),
7.45–7.38 (6H, m), 5.12 (1H, s, C1H) 3.75–3.66 (2H, m, C16H2),
2.47–2.44 (1H, m, C12H), 1.72–1.57 (3H, m, C14H/C15H2), 1.34–
1.28 (1H, m, C13HAHB), 1.20–1.14 (1H, m, C13HAHB), 1.10 (3H,
d, J 6.89, C12HCH3), 1.06 (9H, s, C(CH3)3), 0.86 (3H, d, J 6.45,
C14HCH3). 13C NMR (300 MHz, CDCl3): d = 199.3 (C2, C=O),
135.7 (4CH), 134.1 (2C), 129.7 (2CH), 127.8 (4CH), 62.0 (C16H2),
41.7 (C12H2), 39.6 (C14H2) 27.5 (C13H), 27.0 (3C, C(CH3)3),
19.9 (C14CH3), 19.4 (C, C(CH3)3), 18.0 (C12CH3). IR (neat): m =
2101 s, 1645 s cm−1. LRMS (ES mode): m/z = 396.3 [(M–N2 +
2H)+, 45%], 395.2 (M–N2 + H). HRMS (ES mode): m/z calcd for
C25H35O2Si: 395.2406; found: 395.2412 [M–N2].


(R)-4-(tert-Butyldiphenylsilyloxy)-2-methylbutan-1-ol (36)


n-BuLi (1.58 M in hexanes, 12.6 mL, 19.5 mmol, 4.0 equiv.)
was added dropwise to a suspension of LiCl (2.62 g, 0.062 mol,
12.7 equiv.) and diisopropylamine (2.95 mL, 20.9 mmol,
4.3 equiv.) in THF (13.5 mL) at −78 ◦C. The resulting suspension
was stirred at −78 ◦C for 10 min and 0 ◦C for 10 min. The
suspension was cooled to −78 ◦C and propionamide 34 (2.26 g,
10.2 mmol, 2.1 equiv.) in THF (31 mL) added dropwise at a rate
sufficient to maintain the reaction temperature below −70 ◦C. The
reaction was stirred at −78 ◦C for 1 h, 0 ◦C for 15 min and r.t.
for 5 min. The reaction was cooled to 0 ◦C and 1-iodo-2-(tert-
butyldiphenylsilyloxy)ethane53 (1.5 g, 3.32 mmol, 1.0 equiv.) in
THF (1.4 mL) added. The reaction was stirred at 0 ◦C for 14 h,
slowly warming to r.t. Thereafter, the reaction was quenched by
the dropwise addition of saturated aqueous NH4Cl (30 mL). The
layers were separated and the aqueous layer extracted with Et2O
(3 × 30 mL). The combined organic layers were dried (Na2SO4),
filtered and concentrated in vacuo. The residue was purified by
column chromatography [SiO2, Et2O–hexanes (1 : 3)] to give the
amide 35 (2.56 g) as a colourless oil that was used directly in the
next step.


n-BuLi (1.58 M in hexanes, 12.0 mL, 19.0 mmol, 3.9 equiv.)
was added dropwise to a solution of diisopropylamine (2.9 mL,
20.45 mmol, 4.2 equiv.) in THF (22 mL) at −78 ◦C. The reaction
was stirred at −78 ◦C for 10 min and 0 ◦C for 10 min. Borane–
ammonia complex (0.6 g, 19.5 mmol, 4.0 equiv.) was added in one
portion and the resulting suspension stirred at 0 ◦C for 10 min
and r.t. for 15 min. The crude amide 35 (2.56 g) in THF (12.0 mL,
2.5 mL wash) was added dropwise at 0 ◦C. The resulting colourless
solution was warmed to r.t. and stirred for 2 h. The reaction was
cooled to 0 ◦C and HCl (2 M, 20 mL) added dropwise. The solution
was stirred at r.t. for 30 min. The layers were separated and the
aqueous layer extracted with Et2O (4 × 30 mL). The combined
organic layers were washed with HCl (2 M, 20 mL), NaOH
(2 M, 20 mL) and brine (20 mL) before being dried (Na2SO4),
filtered and concentrated in vacuo. The residue was purified by
column chromatography [SiO2, Et2O–hexanes (1 : 4)] to give the
title compound 36 (1.46 g, 4.27 mmol, 87%) as a colourless oil:
[a]D +4.5 (c = 1.2, Et2O, 20 ◦C). 1H NMR, 13C NMR and IR
spectroscopic data agree with those reported.54 The er of alcohol
36 (98 : 2) was established by 1H and 19F NMR spectroscopic
analysis of the corresponding Mosher ester derivative which was
prepared as follows:


Alcohol 36 (15 mg, 44 lmol, 1.0 equiv.) in CH2Cl2 (1 mL)
was added dropwise to a stirred solution of (R)-3,3,3-trifluoro-
2-methoxy-2-phenylpropanoic acid (15 mg, 62 lmol, 1.4 equiv.),
DCC (13 mg, 62 lmol, 1.4 equiv.) and DMAP (1 mg, 6.2 lmol,
0.1 equiv.) in CH2Cl2 (4 mL). The reaction was stirred at r.t.
for 5 h whereupon TLC analysis showed remaining 36. DCC
(13 mg, 62 lmol, 1.4 equiv.) and (R)-3,3,3-trifluoro-2-methoxy-
2-phenylpropanoic acid (15 mg, 62 lmol, 1.4 equiv.) were added
and the reaction stirred for a further 16 h whereupon TLC analysis
showed complete consumption of 36. Thereafter, the mixture was
filtered and the filtrate washed with water (2 × 2 mL). The organic
layer was dried (MgSO4), filtered and concentrated in vacuo. The
residue was purified by column chromatography [SiO2, Et2O–
petrol (1 : 4)] giving the Mosher ester of 36 (21 mg, 40 lmol, 83%)
as a pale yellow oil: 1H NMR (500 MHz, CDCl3, major isomer):
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d = 7.66 (4H, dd, J 6.5 and 1.5), 7.52 (2H, m, ArH), 7.45–7.37
(9H, m and ArH), 4.29 (1H, dd, J 10.7 and 5.4, C13HAHB), 4.11
(1H, dd, J 10.7 and 6.5, C13HAHB), 3.74–3.66 (2H, m, C16H),
3.55 (3H, d, J 1.1, OCH3), 2.12 (1H, m, C14H), 1.71–1.64 (1H, m,
C15HAHB), 1.43–1.35 (1H, m, C15HAHB), 1.05 (9H, s, C(CH3)3),
0.91 (3H, d, J 6.7, C14CH3). 13C NMR (300 MHz, CDCl3, major
isomer): d = 166.8 (CO2R), 135.7 (CH), 133.9 (C), 132.5 (C), 129.8
(CH), 129.76 (CH), 128.6 (CH), 127.9 (CH), 127.5 (CH), 71.5
(C13H2), 61.6 (C16H2), 55.6 (OCH3), 35.9 (C15H2), 29.6 (C14H),
27.0 (C(CH3)3), 19.3 (C(CH3)3), 16.8 (C14CH3). A signal for the
CF3 group was not detected. 19F NMR (470 MHz, CDCl3): d =
−71.993 (major); −72.017 (minor). IR (neat): m = 2923 s, 1749 s,
1169 s, 1111 s cm−1. HRMS (ES mode) m/z = found: 581.2295
[MNa+, 80%]. C31H37O4F3NaSi requires: 581.2311.


(R)-4-Iodo-3-methyl-(tert-butyldiphenylsilyloxy)-butane (37)


Iodine (1.3 g, 3.8 mmol, 1.0 equiv.) was added in one portion
to a colourless solution of PPh3 (1.3 g, 4.94 mmol, 1.3 equiv.)
and imidazole (0.67 g, 9.9 mmol, 2.6 equiv.) in CH2Cl2 (20 mL).
The reaction was stirred at r.t. for 10 min giving a red–orange
suspension. Alcohol 36 (1.3 g, 3.8 mmol, 1.0 equiv.) in CH2Cl2


(11 mL) was added dropwise and the reaction stirred at r.t. for
2 h. The reaction mixture was washed with saturated aqueous
Na2S2O3 (2 × 20 mL). The organic layer was dried (MgSO4),
filtered and concentrated in vacuo. The residue was purified by
column chromatography [SiO2, Et2O–hexanes (1 : 9)] to give the
title compound 37 (1.61 g, 3.56 mmol, 93%) as a colourless oil: [a]22


D


−0.6 (c = 1.3, Et2O); lit.54 [a]22
D − 0.50 (c = 1.2, Et2O). 1H NMR,


13C NMR and IR spectroscopic data agree with those reported.54


(2R,4S)-6-(tert-Butyldiphenylsilyloxy)-2,4-dimethylhexan-1-ol
(39)


n-BuLi (1.6 M in hexanes, 8.3 mL, 13.3 mmol, 4.0 equiv.) was
added dropwise to a suspension of LiCl (1.79 g, 42.2 mmol, 12.7
equiv.) and diisopropylamine (2.0 mL, 14.3 mmol, 4.3 equiv.) in
THF (9 mL) at −78 ◦C. The resulting suspension was stirred at
−78 ◦C for 10 min and 0 ◦C for 10 min. The suspension was
cooled to −78 ◦C and N-[(1S,2S)-1-hydroxy-1-phenylpropan-2-
yl]-N-methylpropionamide 34 (1.54 g, 7.0 mmol, 2.1 equiv.) in
THF (21 mL) added dropwise at a rate sufficient to maintain the
reaction temperature below −70 ◦C. The reaction was stirred at
−78 ◦C for 1 h, 0 ◦C for 15 min and r.t. for 5 min. The reaction
was cooled to 0 ◦C and iodoalkane 37 (1.5 g, 3.3 mmol, 1.0 equiv.)
in THF (1.4 mL) added dropwise. The reaction was stirred at
0 ◦C for 14 h, slowly warming to r.t. Thereafter, the reaction was
quenched by the dropwise addition of saturated aqueous NH4Cl
(30 mL). The layers were separated and the aqueous layer extracted
with Et2O (3 × 30 mL). The combined organic layers were dried
(Na2SO4), filtered and concentrated in vacuo. The residue was
purified by column chromatography [SiO2, Et2O–hexanes (1 : 3)]
to give the amide 38 (1.18 g) as a colourless oil that was used
directly in the next step.


n-BuLi (1.6 M in hexanes, 8.1 mL, 13.0 mmol, 3.9 equiv.)
was added dropwise to a solution of diisopropylamine (2.0 mL,
13.9 mmol, 4.2 equiv.) in THF (15 mL) at −78 ◦C. The reaction
was stirred at −78 ◦C for 10 min and 0 ◦C for 10 min. Borane–
ammonia complex (0.41 g, 13.3 mmol, 4.0 equiv.) was added in one


portion and the resulting suspension stirred at 0 ◦C for 10 min and
r.t. for 15 min. The amide 38 (1.18 g) in THF (9 mL, 1 mL wash)
was added dropwise at 0 ◦C. The resulting colourless solution
was warmed to r.t. and stirred for 2 h. The reaction was cooled
to 0 ◦C and HCl (2 M, 20 mL) added dropwise. The solution
was stirred at r.t. for 30 min. The layers were separated and the
aqueous layer extracted with Et2O (4 × 30 mL). The combined
organic layers were washed with HCl (2 M, 20 mL), NaOH (2 M,
20 mL) and brine (20 mL) before being dried (Na2SO4), filtered
and concentrated in vacuo. The residue was purified by column
chromatography [SiO2, Et2O–hexanes (1 : 5)] to give the title
compound 39 (0.75 g, 1.95 mmol, 59%, single diastereoisomer) as
a colourless oil. This compound has been prepared previously,55


but no spectroscopic data was reported. 1H NMR (500 MHz,
CDCl3): d = 7.68 (4H, dd, J 7.8 and 1.3), 7.45–7.38 (6H, m),
3.76–3.66 (2H, m, C6H2), 3.51–3.49 (1H, m, C11HAHB), 3.39–3.36
(1H, m, C11HAHB), 1.77–1.61 (3H, m, C12H/C14H/C15HAHB),
1.32–1.24 (2H, m, C13HAHB/C15HAHB), 1.24 (1H, broad s, OH),
1.06 (9H, s, C(CH3)3), 0.97–0.90 (1H, m, C13HAHB), 0.92 (3H,
d, J 6.7, C4HCH3), 0.85 (3H, d, J 6.6, C12CH3). 13C NMR
(300 MHz, CDCl3): 135.8 (4C), 134.2 (2C), 129.7 (4C), 127.8
(4C), 68.6 (C1H2), 62.1 (C16H2), 41.2 (C13H2), 39.3 (C15H2),
33.2 (C12H), 27.0 (3C, C(CH3)3), 26.8 (C14H), 20.6 (C12HCH3),
19.4 (C(CH3)3), 17.3 (C14HCH3). IR (neat): m = 3368 br s, 1111 s,
701 s cm−1. LRMS (ES mode): m/z = 385 (M+H, 20%). HRMS (ES
mode): m/z calcd for C24H36O2NaSi: 407.2382; found: 407.2373
[MNa]. Anal. calcd for C24H36O2Si: C, 74.94; H, 9.43. Found: C,
75.0; H, 9.5.


(2R,4S)-6-(tert-Butyldiphenylsilyloxy)-2,4-dimethylhexanoic acid
(33)


RuCl3·nH2O (17 mg) was added in one portion to a solution of 39
(0.62 g, 1.6 mmol, 1.0 equiv.) and NaIO4 (1.21 g, 5.6 mmol, 3.5
equiv.) in CCl4 (3.9 mL), MeCN (3.9 mL) and H2O (6.2 mL). The
reaction was stirred vigorously at r.t. for 3.5 h. Thereafter, Et2O
(5 mL) and H2O (5 mL) were added and the layers separated. The
organic layer was extracted with Et2O (5 × 5 mL). The combined
organic layers were dried (Na2SO4), filtered and concentrated in
vacuo. The green residue was purified by column chromatography
[SiO2 Et2O–hexanes (1 : 3)] to give the title compound 33 (0.57 g,
1.43 mmol, 89%) as a colourless oil: 1H NMR (500 MHz, CDCl3):
d = 7.67 (4H, dd, J 7.8 and 1.5), 7.44–7.37 (6H, m), 3.74–3.65
(2H, m, C16H2), 2.58–2.54 (1H, m, C12H), 1.74–1.67 (2H, m,
C13HAHB/C14H), 1.64–1.57 (1H, m, C15HAHB), 1.36–1.29 (1H,
m, C15HAHB), 1.23–1.16 (1H, m, C13HAHB), 1.17 (3H, d, J 6.91,
C14HCH3), 1.04 (9H, s, C(CH3)3), 0.86 (3H, d, J 6.4, C12HCH3).
13C NMR (300 MHz, CDCl3): 135.8 (4CH), 134.2 (2C), 129.7
(4CH), 127.8 (4CH), 61.9 (C16H2), 41.4 (C13H2), 39.6 (C15H2),
37.2 (C12H), 27.5 (C14H), 27.0 (C(CH3)3), 19.7 (C12HCH3), 19.3
(C(CH3)3), 17.2 (C14HCH3). (C=O, not visible). IR (neat): m =
3300–2200 m br, 1706 s, 1111 s cm−1. LRMS (ES mode): m/z =
421.3 (MNa+, 80%), 381.3 (67), 261.2 (100). HRMS (ES mode):
m/z calcd for C24H34O3NaSi: 421.2175; found: 421.2195 [MNa].


bis[(−)-1-Neomenthylindenyl)zirconium dichloride (41)


The title compound was prepared by a modification of
the procedure by Erker and co-workers.49 n-BuLi (1.58 M
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in hexanes, 7.37 mL, 11.65 mmol, 2.0 equiv.) was added
dropwise to a solution of (+)-3-[1′S,2′S,5′R)-2′-isopropyl-5′-
methylcyclohexyl]indene (2.96 g, 11.65 mmol, 2.0 equiv.) in THF
(80 mL) at 0 ◦C. The reaction was stirred at r.t. for 2.5 h. The
solution was cooled to −40 ◦C and transferred by cannula to a
flask containing a suspension of ZrCl4(thf)2 (2.20 g, 5.82 mmol,
1.0 equiv.) in PhMe (30 mL) at −78 ◦C. The reaction mixture
was gradually warmed to r.t. (over 4 h) and stirred for a further
16 h whereupon a bright yellow suspension was obtained. The
solvent was removed in vacuo (vacuum quenched with N2) giving
a yellow–orange solid. The solid was washed with pentane (40 mL)
and treated with CH2Cl2 (80 mL) under a nitrogen atmosphere.
After stirring at r.t. for 2 h the precipitate was removed by filtration
through a celite pad (under nitrogen). The yellow–orange filtrate
was concentrated to saturation (solvent removal by distillation)
and set in the freezer for 16 h. The mother liquor was removed via
cannula and the crystals washed at −78 ◦C with CH2Cl2 (5 mL).
After removal of the washings the crystals were dried under a
stream of nitrogen for 2 h. The title compound (0.6 g, 0.9 mmol,
15%) was obtained as bright yellow needles (2 crops): mp 140–
141.5 ◦C; lit.49 mp 146 ◦C; [a]22


D −67 (c = 0.1, PhCH3); lit.49 [a]22
D


−77 (c = 0.23, PhCH3). 1H NMR, 13C NMR and IR spectroscopic
data agree with those reported. 49


(R)-4-(tert-Butyldiphenylsilyloxy)-2-methyl-butan-1-ol (36) via
carboalumination


Alcohol 36, prepared on a 1.0 mmol scale (74%) from 4-
(tert-butyldiphenylsilyloxy)-but-3-ene48 according to literature
procedure,54 gave NMR and IR spectroscopic data that agree with
those reported.54 [a]22


D +4 (c = 1.5, Et2O). The er of 36 (88 : 12) was
ascertained by integration of the 19F signals of the Mosher ester
derivative prepared as described above.


(2R,4S)-6-(tert-Butyldiphenylsilyloxy)-2,4-dimethylhexan-1-ol
(39) via carboalumination


t-BuLi (1.63 M in pentane, 2.17 mL, 3.54 mmol, 2.0 equiv.) was
added dropwise to a solution of iodoalkane 37 (0.8 g, 1.77 mmol,
1.0 equiv.) in Et2O (1.7 mL) at −78 ◦C. The mixture was stirred
at −78 ◦C for 40 min whereupon ZnBr2 (0.26 g, 1.15 mmol, 0.65
equiv.) in THF (17 mL) was added dropwise. The mixture was
stirred at −78 ◦C for 30 min and 0 ◦C for 10 min. A solution
of freshly prepared Pd(PPh3)4 (0.104 g, 0.09 mmol, 5 mol%) in
a 4 M solution of vinyl bromide in THF (1.77 mL, 4.0 equiv.)
was added via syringe at 0 ◦C. The mixture was allowed to warm
gradually to r.t. over 15 h whereupon H2O (5 mL) was added
and the resultant mixture filtered through celite. The layers of the
filtrate were separated and the aqueous phase extracted with Et2O
(3 × 5 mL). The combined organic layers were washed with brine
(5 mL), dried (MgSO4), filtered and concentrated in vacuo. The
residue, consisting of an inseparable mixture of 43 and the tert-
butyldiphenylsilyl ether of 3-methylbutanol, was passed through
a short column of silica gel eluting with hexanes. Evaporation of
the solvent gave a colourless oil that was used immediately in the
next step.


Neat AlMe3 (0.51 mL, 5.31 mmol, 3.0 equiv.) was added to a
solution of (−)-41 (6.0 mg, 0.088 mmol, 0.5 mol%) in CH2Cl2


(7 mL). The resulting homogenous solution was cooled to −50 ◦C


and H2O (31 lL, 1.77 mmol, 1.0 equiv.) added dropwise with
vigorous stirring. The reaction was warmed to r.t. (over 2 h)
whereupon a dark orange–red solution was obtained. The solution
was cooled to −20 ◦C and crude 43 in CH2Cl2 (1.0 mL) added
dropwise. The reaction was stirred at −20 ◦C for 4 h and r.t. for
15 h. The reaction was cooled to 0 ◦C and O2 bubbled through for
3 h. The solution was washed with NaOH (2 M, 2 × 5 mL) and
brine (5 mL), dried (MgSO4), filtered, and concentrated in vacuo.
The residue was purified by column chromatography [SiO2, Et2O–
hexanes (1 : 5)] to give the title compound 39 (348 mg, 0.9 mmol,
51%, dr 2.3 : 1) as a colourless oil. The dr of 39 varied between
2.2 : 1 to 3.7 : 1 and we were unable to identify an experimental
procedure that gave consistent results.


The identity of the major product 39 and the dr was determined
by comparison of the 13C and 1H NMR spectroscopic data
recorded on the mixture with those recorded for the pure isomer
prepared as described above.


Methyl [4R,6S,8S]-9-hydroxy-4,6,8-trimethylnonanoate (44)


TBAF·3H2O (61 mg, 0.23 mmol) was added in one portion to
silyl ether 3 (100 mg, 0.2 mmol) in THF (1.0 mL) at r.t. and the
resulting pale yellow solution was stirred at r.t. for 3 h. H2O (2 mL)
was added, the layers separated and the aqueous layer extracted
with Et2O (2 × 2 mL). The combined organic layers were dried
(Na2SO4), filtered and concentrated in vacuo to give a colourless
oil. Purification by column chromatography [SiO2, hexanes–Et2O
(5 : 1) → (1 : 3)] gave the title compound 44 (49 mg, 0.2 mmol,
100%) as a colourless oil. [a]D −20.1 (c = 1.0, CHCl3); lit.5 [a]D


−37.0 (c = 1.0, CHCl3), Lit.16 [a]D −22.6 (c = 1.0, CHCl3), Lit.17


[a]D −26.8 (c = 1.0, CHCl3). Spectroscopic data are in accordance
with those reported.5,16,17


Methyl (4R,6S,8S)-4,6,8-trimethyl-9-oxononanoate (47)


The aldehyde 45, prepared on a 0.44 mmol scale (75% yield from
44) according to a literature procedure,5 gave spectroscopic data
in accordance with those reported.5,16,17 [a]D = −10.1 (c = 1.0,
CHCl3); lit.5 [a]D = −9.0 (c = 1.0, CHCl3).


Methyl (4R,6S,8S,12R,14S,Z)-16-(tert-butyldiphenylsilyloxy)-
11-hydroxy-4,6,8,12,14-pentamethyl-9-oxohexadec-10-enoate (2)


n-BuLi (1.6 M in hexanes, 0.11 mL, 0.17 mmol, 1.0 equiv.)
was added dropwise to a solution of diisopropylamine (27 lL,
0.19 mmol, 1.1 equiv.) in THF (0.16 mL) at −78 ◦C. The reaction
was stirred at −78 ◦C for 10 min and 0 ◦C for 10 min. The solution
was cooled to −20 ◦C and added dropwise to a pale yellow solution
of a-diazoketone 4 (70 mg, 0.17 mmol, 1.0 equiv.) and aldehyde 45
(39 mg, 0.17 mmol, 1.0 equiv.) in THF (0.25 mL) at −78 ◦C. The
resulting red–orange solution was stirred at −78 ◦C for 1 h before
being quenched by dropwise addition of AcOH–Et2O (1 : 5,
1.5 mL). The resulting pale yellow solution was warmed to r.t. and
water (1 mL) added. The layers were separated and the organic
layer washed with NaHCO3 (saturated aqueous, 2 × 1 mL) and
brine (1 mL), dried (MgSO4), filtered and concentrated in vacuo.
The residue was purified by column chromatography [SiO2, Et2O–
hexanes (1 : 5)] to give the a-diazo-b-hydroxy carbonyl compound
47 (80 mg) as a yellow oil and recovered 4 (15 mg, 0.036 mmol). The
yellow oil was dissolved in DME (0.5 mL) whereupon Rh2(OAc)4
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(1 mg, 2 lmol, 0.01 equiv.) was added. The resultant emerald
green solution was stirred at r.t. for 100 min. The reaction mixture
was filtered through a pad of celite eluting with hexanes (10 mL).
The filtrate was concentrated in vacuo. The residue was purified
by column chromatography [SiO2, Et2O–hexanes (1 : 5)] to give
the title compound 2 (64 mg, 0.10 mmol, 60%) as a colourless
oil: [a]25


D −9.4 (c = 0.17, CHCl3). 1H NMR (500 MHz, CDCl3):
15.74 (1H, s, OH), 7.67 (4H, d, J 7.7), 7.45–7.36 (6H, m), 5.46
(1H, s, C10H), 3.76–3.60 (2H, m, C16H2), 3.67 (3H, s, CO2Me),
2.45–2.38 (2H, m, C8H/C12H), 2.35–2.25 (2H, m, C2H2), 1.69–
1.41 (9H, m, C3H2/C4H/C6H/C7H2/C13H2/C15HAHB), 1.36–
1.28 (1H, m, C15HAHB), 1.20–1.09 (2H, m, C5H2), 1.13–1.11
(6H, overlapping 2 × d, J 6.8 each, C8CH3/C12CH3), 1.05
(9H, s, (SiC(CH3)3), 0.92–0.81 (1H, m, C14H), 0.86–0.81 (9H,
overlapping 3 × d, J 6.3, 6.4 and 6.5, C4CH3/C6CH3/C14CH3).
13C NMR (300 MHz, CDCl3): 199.1, 198.6 (C9/C11), 174.6 (C1),
135.7 (4CH), 134.22 (2C), 129.7 (2CH), 127.8 (4CH), 97.2 (C10H),
62.0 (C16H2), 51.7 (CO2CH3), 44.4 (C5H2), 42.5 (C15H2), 41.8
(C13H2), 40.3, 40.1 (C8H/C12H), 39.7 (C7H2), 32.9 (C2H2), 32.0
(C3H2), 29.8, 28.0, 27.5 (C4H/C6H/C14H), 27.0 (SiC(CH3)3),
19.9, 19.6, 19.1 (C4CH3/C6CH3/C14CH3), 19.3 (SiC(CH3)3),
18.5 (2C, C8CH3/C12CH3). IR (neat): m = 2929 s, 1741 s, 1603
br s, 1111 s, 702 s cm−1. LRMS (ES mode): m/z = 645.5 [(MNa)+,
55%], 546.4 (70), 545.4 (80), 468.4 (60), 467.4 (100). HRMS (ES
mode): m/z calcd for C38H58O5NaSi: 645.3951; found: 645.3964
(MNa). Anal. calcd for C38H58O5Si: C, 73.27; H, 9.38. Found: C,
73.25; H, 9.5.
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The cationic rhodium complex [Rh(cod)2][BF4] effectively catalyses the 1,4-addition of
organotrialkoxysilanes to a-substituted acrylic esters. The reactions are promoted by heating in an
oil-bath or more conveniently in a microwave reactor allowing rapid access to a useful range of
functionalised products including 2-alkyl succinates and a-amino acid derivatives.


Introduction


The transition-metal catalysed conjugate addition of organo-
metallics to activated alkenes is regarded as fundamental method-
ology for organic synthesis.1 Of particular importance is the
elegant rhodium-catalysed addition of organoboron reagents to
a,b-unsaturated carbonyl derivatives, pioneered by Hayashi and
Miyaura.2 This widely-used reaction can be carried out in aqueous
solvent and affords excellent enantioselectivities (>90% ee) across
a wide-range of substrates including a,b-unsaturated ketones,
esters, amides, phosphonates and sulfones.3 A successful catalytic
conjugate addition is dependent on an efficient transmetalation to
rhodium. Other organometallics that are known to participate in
the key transmetalation to rhodium include organotin, organosil-
icon, organozinc, organozirconium, organotitanium, organobis-
muth and organoindium reagents.4


The utility of arylchlorosilanes in rhodium-catalysed conju-
gate additions has been reported. For example, the addition
of diphenyldichlorosilane 2 to cyclohexenone 1 is achieved in
the presence of a high-loading of cationic rhodium catalyst
(Scheme 1).5 The reaction proceeds in water as solvent but
requires the addition of a large excess of fluoride salt for an
efficient transformation to product 3. Oi and Inoue have reported
the additive-free conjugate addition of organotrialkoxysilanes.6


The addition of phenyltrimethoxysilane 2a to cyclopentenone 4
in the presence of just 2 mol% of cationic rhodium complex
furnishes the product 5 in good yield. The conjugate addition of
organotrialkoxysilanes can also be accomplished using palladium
complexes.7 More recently, the rhodium-catalysed enantioselective
conjugate addition of organotrialkoxysilanes to a,b-unsaturated
carbonyl compounds has been disclosed.8 The use of organotri-
alkoxysilanes offers many of the advantages of boronic acids in
terms of commercial availability, ease of handling and stability to
air and moisture. Moreover, a number of straightforward synthetic
routes have been reported for their preparation including the
hydrosilylation of alkynes, the addition of Grignard reagents to
tetraethyl orthosilicate and the cross-coupling of triethoxysilane
with organohalides.9
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Scheme 1 The rhodium-catalysed addition of organosilicon reagents.


The selective addition to a-substituted acrylic esters is more
difficult than cyclic enones. This can be attributed to their
lower reactivity and crucially, in the asymmetric process the
enantioselectivity is determined at the protonation step of an
oxa-p-allylrhodium intermediate and not at the insertion step
(Fig. 1).10 Herein we report the utility of the silicon–rhodium
transmetalation process as a means to promote the conjugate
addition of aryl nucleophiles to a-substituted acrylic esters. It was
found the addition of organotrialkoxysilanes can be promoted by
heating in an oil-bath or more conveniently in a microwave reactor
allowing rapid access to a useful range of functionalised products
including 2-alkyl succinates and a-amino acids.


Fig. 1 The rhodium-catalysed addition to a-substituted acrylic esters.
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Results and discussion


Initially, the conjugate addition of phenyltrimethoxysilane 2a to
dimethyl itaconate 6 was examined in the presence of different
rhodium complexes (Scheme 2).


Scheme 2 The rhodium-catalysed addition of phenyltrimethoxysilane.


The majority of organic reactions are heated using traditional
heat transfer equipment such as oil baths and heating blocks.
These heating techniques however are usually slower and do
not provide uniform heating. In contrast, microwaves provide
direct heating and radiation that passes through the reaction
vessel, hence heating only the reactants and solvent. Therefore
microwave irradiation provides fast heating rates and can enable
rapid optimisation of numerous organic transformations including
catalytic processes.11 Investigations into the effect of catalyst,
temperature and microwave irradiation on the rhodium-catalysed
addition reaction were studied (Table 1).


In initial experiments, no product was observed using neutral
rhodium catalysts such as [RhCl(coe)2]2 or [RhCl(cod)]2 by
reaction in the microwave reactor or by standard heating (Table 1,
entries 1 and 2). This is in agreement with the previous report of Oi
and Inoue that notes the necessity of cationic rhodium complexes
to achieve an efficient transmetalation in the absence of added
base.6


After heating for 24 hours in the presence of [Rh(cod)2][BF4],
substrate 6 was completely converted to product 7 (Table 1, entry
4). During the microwave experiments the reaction times were
considerably shorter, and yet the reaction still proceeded to form
the product in excellent conversion. Subsequently, we found that
this was also true of the standard heating experiments (Table 1,
entries 7–9). It was therefore pleasing to note that in 50 minutes
both protocols afforded complete conversion to product. This is
significantly more efficient than previous literature examples that
are routinely run for 12–24 hours.


Table 1 Optimisation of reaction parameters


Entry Conditionsa [Rh catalyst] Time/min Conversionb (%)


1 A [RhCl(coe)2]2 1440 0
2 A [RhCl(cod)]2 1440 0
3 A [Rh(cod)2][PF6] 1440 15
4 A [Rh(cod)2][BF4] 1440 100
5 A [Rh(cod)2][BF4] 50 100
6 B [RhCl(cod)]2 50 0
7 B [Rh(cod)2][BF4] 30 60
8 B [Rh(cod)2][BF4] 45 87
9 B [Rh(cod)2][BF4] 50 100


10 Bc [Rh(cod)2][BF4] 50 100


a A Reactions were heated at 110 ◦C in the presence of 3 mol% [Rh] in
dioxane–H2O (10 : 1). B Microwave experiments were performed in a
CEM Discover reactor set at a maximum temperature of 135 ◦C (initial
power 110 W). b Calculated from the 1H NMR. c Using 1 mol% catalyst.


The mechanism of the process as proposed by Oi and Inoue
is illustrated in Fig. 2 and closely relates to the mechanism of
the corresponding rhodium-catalysed addition of boronic acids
described by Hayashi.2,6 It was noted that the reaction did not
occur in the absence of water, suggesting that the active silicon
species is likely to be an organosilanetriol I generated from the
hydrolysis of the organotrialkoxysilane. The organosilanetriol I,
would then transmetalate with the cationic catalyst II to generate
the organorhodium intermediate III and the side product, SiO2.
Addition of the organorhodium species to substrate IV then leads
to an g3-oxa-p-allylrhodium complex V that is protonated to afford
the product VI and the regenerated cationic catalyst. Alternatively,
the lack of reactivity in the absence of proton source could be
attributed to the g3-oxa-p-allylrhodium complex V being inert to
transmetalation which would lead to the catalytic cycle stalling
at V.


Fig. 2 Mechanism of rhodium-catalysed addition of organotrial-
koxysilanes.


To our surprise there was a marked difference in efficiency
using the cationic catalysts [Rh(cod)2][PF6] and [Rh(cod)2][BF4].
Whereas the use of [Rh(cod)2][BF4] resulted in high conver-
sions to product in short reaction times, the complex with
PF6 counter ion was ineffective and led to protiodesilylation of
the organotrialkoxysilane as the predominant reaction pathway
along with recovery of starting materials 2a and 6. Given that
[Rh(cod)2][PF6] is an effective catalyst for the conjugate addition
of organoboron reagents under identical reaction conditions the
organotrialkoxysilane is clearly detrimental to the action of the
catalyst.12 This may be due to the comparatively weak P–F bond
being hydrolysed in the presence of the organosilicon reagent
whereas the B–F bond in the BF4 counterion is stable.13 The partial
hydrolysis of PF6 has been observed previously in transition metal
complexes and this process generates HF in the reaction mixture.14


Interestingly, the addition of a fluoride source to a reaction mixture
containing the [Rh(cod)2][BF4] catalyst leads to a decrease in the
amount of addition product 7a obtained.15


The products from the addition process are of significant
utility in the development of pharmaceutical and agrochemical
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intermediates.16 Therefore, the synthesis of a range of 2-substituted
succinic esters was performed.17 For ease of operation and rapid
heating, the rhodium-catalysed addition was performed in capped
tubes under microwave irradiation. Using the optimal set of
reaction conditions, the scope of the organotrialkoxysilane was
examined. Pleasingly, in the addition to dimethyl itaconate 6, the
use of sterically and electronically diverse organotrialkoxysilanes
(2a–i) resulted in excellent conversion and good isolated yields
of products 7a–i. The reaction is tolerant of the substitution
pattern and the electronic nature of the siloxane. All the reactions
proceeded in similar yields by heating in an oil bath or heating
block at 110 ◦C (Scheme 3).


Scheme 3 The rhodium-catalysed addition of organotrialkoxysilanes.


With an efficient protocol established for the addition
to dimethyl itaconate 6 our attention turned to the a-
phthalimidoacrylic ester derivative 8.18 As shown in Scheme 4,
the arylation of 8 with selected organotrialkoxysilanes (2a–e) was
performed by heating in an oil bath at 110 ◦C for 18 hours. In
all cases the reaction proceeded in good yield to provide a useful
synthetic approach to unnatural amino acid derivatives 9a–e. The
corresponding reactions carried out under the standard conditions


Scheme 4 The rhodium-catalysed addition to a-phthalimidoacrylic ester
derivatives.


in a microwave reactor provided the products in slightly lower
yields reflecting the lower reactivity of this substrate.


The catalytic conjugate addition of hydride is an established
process for the reduction of a,b-unsaturated carbonyl derivatives.19


The transformation employs hydrogen donors such as hydrosi-
lanes or borohydride reagents as an alternative to hydrogen
gas. The reduction of a-substituted acrylic esters 6 and 8 with
triethoxysilane 2j occurred under identical conditions to the
arylations (Scheme 5). Again, for ease of operation and rapid
heating, the reduction was performed in capped tubes under
microwave irradiation to afford the products 10 and 11 in good
yields.


Scheme 5 The rhodium-catalysed conjugate reduction.


Preliminary investigations into the enantioselective addition of
organotrialkoxysilanes to a-substituted acrylic esters focused on
the use of (R)-BINAP as the chiral ligand (Scheme 6). While
carrying out preliminary microwave experiments it was observed
that the ligand to metal ratio utilised had a dramatic effect on
the outcome of the reaction. Using the catalyst [Rh(cod)2][BF4] (3
mol%), in the absence of ligand, at 135 ◦C, complete conversion
of the starting acrylate 6 to product 7a was observed in 50
minutes (Table 2, entry 1). However upon the addition of (R)-
BINAP (3 mol%, 1 equivalent) to the reaction, a sharp decrease in
reactivity was observed, alongside a moderately low enantiomeric
excess of 24% ee (Table 2, entry 2). Upon altering the ligand
loading (4.5 mol%, 1.5 equivalents) a 55% conversion and 49%
enantiomeric excess was obtained, with higher ligand to rhodium
ratios giving no conversion to the desired product (Table 2,
entries 3 and 4). The application of sterically-hindered phenols as
alternative proton sources impeded the enantioselective reaction
as did the addition of fluoride sources such as KF (Table 2,
entry 9).


Scheme 6 The enantioselective addition of phenyltrimethoxysilane.


Unfortunately, employing other enantiopure ligands such as
the monodentate phosphoramidite (S)-MONOPHOS proved
unsuccessful (Table 2, entry 6). This is consistent with the
previous report of Feringa et al. that demonstrated rhodium–
phosphoramidite complexes were unable to effect the conjugate
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Table 2 Investigation into enantioselectivitya


Entry Ligand Ligand–[Rh] eeb (%) Conversionc (%)


1 None — 0 100
2 (R)-BINAP 1 : 1 24 70
3 (R)-BINAP 3 : 2 49 55
4 (R)-BINAP 2 : 1 — <2
5 (R,R)-DUPHOS 3 : 2 0 0
6 (S)-MONOPHOS 3 : 2 0 0
7 (R,R)-DIOP 3 : 2 9 100
8 (R,R)-NORPHOS 3 : 2 0 0
9 (R)-BINAPd 3 : 2 — <5


a Microwave experiments were performed in a CEM Discover reactor set at
a maximum temperature of 135 ◦C (110 W). b Determined by chiral HPLC
using a Daicel OD–H column at ambient temperature and a 98 : 2 hexane–
IPA solvent system with a flow rate of 1 mL min−1. Two peaks were found
at retention times of 19 and 23 minutes, correlating to the two product
enantiomers. c Calculated from the 1H NMR. d Using 2-methoxyphenol as
proton source.


addition of organosiloxanes to cyclic enones.20 Disappointingly,
other bidentate phosphorous ligands, such as (R,R)-DIOP and
(R,R)-DUPHOS did not enhance the enantioselectivity (Table 2,
entries 5, 7 and 8). From these results we have established that
phosphine ligands retard the conjugate addition of organotri-
alkoxysilanes to a-substituted acrylic esters and given the modest
enantioselectivity observed we elected not to pursue this any
further.


In summary, we have demonstrated that the cationic rhodium
complex [Rh(cod)2][BF4] effectively catalyses the conjugate addi-
tion of organotrialkoxysilanes to a-substituted acrylic esters. This
methodology is very versatile offering the possibility of obtaining
a variety of novel 2-substituted succinate esters and unnatural a-
amino acid derivatives, simply by changing the functionality on
the starting organosilicon reagent.


Experimental


Commercially available solvents and reagents were obtained from
Sigma-Aldrich Company Ltd, Lancaster Synthesis Ltd, Fisher
Scientific Ltd and Strem Chemicals UK and were used without
further purification. Microwave experiments were performed using
a CEM Discover reactor. Solvents and reagents were deoxy-
genated where necessary by purging with nitrogen. Flash column
chromatography was carried out using Merck kieselgel 60 H
silica gel (particle size: 0.063–0.100 mm). Melting points were
determined using a Büchi 535 melting point apparatus and are
uncorrected. Infra red spectra (4000 to 600 cm−1) were recorded on
a Perkin Elmer (1600) FT spectrometer with internal calibration.
Fast Atom Bombardment (FAB) and Electron Impact (EI) mass
spectra were obtained using a Fisons VG Autospec Finnigan
MAT 8340 instrument at the University of Bath. Additional mass
spectra were run at the EPSRC National Mass Spectrometry
Service Centre at Swansea University. High Performance Liquid
Chromatography (HPLC) was performed on a Perkin Elmer
HPLC-IPM using a Chiralpak OD–H column by Daicel Chemical
Ind. Ltd. Elemental analyses were recorded on a Micromass
Autospec Spectrometer at the University of Bath.


General procedure for the rhodium-catalysed conjugate addition of
organotrialkoxysilanes to a-substituted acrylic esters


A suspension of dimethyl itaconate (0.5 mmol), organotrialkoxysi-
lane (1.25 mmol), and [Rh(cod)2][BF4] (0.015 mmol, 3 mol%), in
dioxane (1 mL) and water (0.1 mL) was heated in a microwave reac-
tor, under an inert atmosphere, at 135 ◦C for 50 min (initial power
110 W). The solution was evaporated under reduced pressure and
re-dissolved in ethyl acetate (10 mL) and water (10 mL). The
phases were separated, and the aqueous phase extracted with ethyl
acetate (2 × 10 mL). The combined organics were washed with
brine, dried over MgSO4, filtered and concentrated in vacuo. The
crude material was purified by flash chromatography on silica gel
(eluent: petroleum ether–ethyl acetate). Alternatively, the reaction
could be carried out by heating in an oil-bath at 110 ◦C for the
indicated time.


Dimethyl 2-benzylsuccinate (7a). Title compound isolated as
a colourless oil (106 mg, 90%); Rf (9 : 1, petroleum ether–ethyl
acetate) 0.2; 1H NMR (300 MHz, CDCl3) d 7.2–7.1(5H, m, Ar),
3.60 (3H, s, CH3), 3.57 (3H, s, CH3), 3.2–3.1 (2H, m, CH2, CH),
2.7–2.9 (2H, m, CH2), 2.34 (1H, dd, J = 4.8, 16.8 Hz, CH2); 13C
NMR (75.5 MHz; CDCl3) 175.0, 172.6, 138.5, 129.4, 128.9, 127.4,
52.3, 52.1, 43.4, 38.1, 35.2. Further data were in accordance with
previous results in the literature.21


Dimethyl 2-((naphthalene-1-yl)methyl)succinate (7b). Title
compound isolated as a white solid (120 mg, 84%), mp 96 ◦C
(lit.22 95.7 ◦C); Rf (9 : 1, petroleum ether–ethyl acetate) 0.16; IR
(nujol, cm−1) m 1719 (C=O), 1050 (C–O); 1H NMR (300 MHz,
CDCl3) d 8.02 (1H, d, J = 8.7 Hz, Ar), 7.80 (1H, d, J = 9.3 Hz,
Ar), 7.69 (1H, d, J = 8.4 Hz, Ar), 7.46 (2H, m, Ar), 7.32 (1H, t,
J = 6.9 Hz, Ar), 7.21 (1H, d, J = 8.1 Hz, Ar), 3.61 (3H, s, OCH3),
3.4–3.5(4H, m, CH2, OCH3), 3.24 (1H, m, CH), 3.06 (1H, dd,
J = 9.3, 13.5 Hz, CH2), 2.69 (1H, dd, J = 9.3, 17.1 Hz, CH2), 2.37
(1H, dd, J = 5.1, 17.1 Hz, CH2); 13C NMR (75.5 MHz; CDCl3)
172.6, 175.3, 134.6, 134.4, 132.1, 129.3, 128.1, 127.8, 126.7, 126.1,
125.7, 123.9, 52.4, 52.1, 42.5, 35.6, 35.5. Further data were in
accordance with previous results in the literature.21


Dimethyl 2-(4-butylbenzyl)succinate (7c). Title compound iso-
lated as a colourless oil (126 mg, 86%); Rf (9 : 1, petroleum ether–
ethyl acetate) 0.19; IR (film, cm−1) m 3459, 2858, 1740, 1614, 1594,
1515, 1437, 1356, 1331, 1264, 1202, 1168, 837; 1H NMR (300 MHz,
CDCl3) d 7.0–7.05 (2H, d, J = 8.2 Hz, Ar), 6.97 (2H, d, J = 8.1 Hz,
Ar), 3.59 (3H, s, CH3), 3.54 (3H, s, CH3), 3.1–2.9 (2H, m, CH2,
CH), 2.7–2.9 (2H, m, CH2), 2.5 (2H, m, CH2), 2.3 (1H, dd, J =
4.7, 16.7 Hz, CH2), 1.5 (2H, m, CH2), 1.25 (2H, m, CH2), 0.85
(3H, t, J = 7.3, CH3); 13C NMR (75.5 MHz; CDCl3) 175.2, 172.7,
144.70, 135.5, 134.9, 129.7, 129.2, 128.97, 52.3, 52.1, 43.4, 37.7,
35.6, 34.3, 34.0, 22.6, 14.3; HRMS (EI+) [MH+] calcd for C17H24O4,
m/z 293.1747; found m/z 293.1744; elemental analysis calcd (%)
for C17H24O4: C 69.8, H 8.3, N 0; found: C 70.1, H 8.4, N 0%.


Dimethyl 2-(2-methylbenzyl)succinate (7d). Title compound
isolated as a colourless oil (104 mg, 83%); Rf (9 : 1, petroleum
ether–ethyl acetate) 0.2; IR (film, cm−1) m 2953, 1736, 1638, 1605,
1437, 1353, 1264, 1206, 1162, 1006; 1H NMR (300 MHz, CDCl3) d
7.1–7.0 (4H, m, Ar), 3.60 (3H, s, CH3), 3.57 (3H, s, CH3), 3.2–3.1
(2H, m, CH2, CH), 2.7–2.6 (2H, m, CH2), 2.34 (1H, dd, J = 4.8,
16.8 Hz, CH2), 2.2 (3H, s, CH3); 13C NMR (75.5 MHz; CDCl3)
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175.3, 172.6, 136.7, 130.9, 130.2, 127.2, 126.3, 52.3, 52.1, 42.1,
35.6, 35.4, 19.6; HRMS (EI+) [MH+]; calcd for C14H18O4, m/z
251.1278; found m/z 251.1282.


Dimethyl 2-(4-methoxybenzyl)succinate (7e). Title compound
isolated as a colourless oil (116 mg, 87%); Rf (9 : 1, petroleum
ether–ethyl acetate) 0.18; IR (film, cm−1) m 2953, 1732 (C=O); 1H
NMR (300 MHz, CDCl3) d 7.0 (2H, d, J = 8.7 Hz, Ar), 6.76 (2H,
d, J = 8.7 Hz, Ar), 3.72 (3H, s, ArOCH3), 3.60 (3H, s, CH3),
3.57 (3H, s, CH3), 2.8–3.1 (2H, m, CH2, CH), 2.5–2.7 (2H, m,
CH2), 2.33 (1H, dd, J = 5.1, 16.8 Hz, CH2). Further data were in
accordance with previous results in the literature.21


Dimethyl 2-((phenanthren-10-yl)methyl)succinate (7f). Title
compound isolated as a white solid (150 mg, 89%), mp 94–97 ◦C;
Rf (9 : 1, petroleum ether–ethyl acetate) 0.15; IR (CDCl3, cm−1) m
2923, 2726, 2671, 1719, 1460, 1377, 1305, 1151, 1076; 1H NMR
(300 MHz, CDCl3) d 8.7–8.6 (1H, m, Ar), 8.55 (1H, d, J = 8.0 Hz,
Ar), 8.1–8.2 (1H, m, Ar), 7.75 (1H, dd, J = 1.3, 7.4 Hz, Ar),
7.7–7.4 (5H, m, Ar), 3.65 (3H, s, CH3), 3.5–3.6 (1H, m, CH2), 3.5
(3H, s, CH3), 3.25–3.4 (1H, m, CH), 3.1–3.2 (1H, m, CH2), 2.7
(1H, dd, J = 9.8, 7.8 Hz, CH2), 2.4 (1H, dd, J = 4.5, 11.9 Hz,
CH2); 13C NMR (75.5 MHz; CDCl3) 175.3, 172.6, 132.8, 131.8,
131.2, 131.1, 130.4, 128.6, 128.4, 127.3, 127.1, 126.8, 124.6, 123.7,
122.8, 52.4, 52.1, 42.0, 36.1, 35.6; HRMS (EI+) [MH+]; calcd for
C21H20O4, m/z 337.1434, found 337.1438.


Dimethyl 2-allylsuccinate (7g). Title compound isolated as a
colourless oil (46 mg, 49%); Rf (9 : 1, petroleum ether–ethyl acetate)
0.19; 1H NMR (300 MHz, CDCl3) d 5.6–5.7 (1H, m, CH), 5.05
(1H, d, J = 4.29 Hz, CH), 4.95 (1H, s, CH), 3.60 (3H, s, CH3),
3.58 (3H, s, CH3), 3.0–2.9 (1H, m, CH), 2.65 (1H, dd, J = 9.08,
7.63 Hz, CH2), 2.34 (2H, m, CH2), 2.2 (1H, m, CH). Further data
were in accordance with previous results in the literature.21


Dimethyl 2-(4-(trifluoromethyl)benzyl)succinate (7h). Title
compound isolated as a colourless oil (140 mg, 92%); Rf (4 :
1, petroleum ether–ethyl acetate) 0.37; IR (film, cm−1) m 2955,
2259, 1925, 1732, 1619, 1585, 1548, 1438, 1418, 1324; 1H NMR
(300 MHz, CDCl3) d 7.47 (2H, d, J = 8.2 Hz, Ar), 7.2 (2H, d, J =
7.9 Hz, Ar), 3.58 (3H, s, CH3), 3.57 (3H, s, CH3), 3.05–3.11 (2H,
m, CH2, CH), 2.78 (1H, dd, J = 7.15, 13.1 Hz, CH2), 2.6 (1H, dd,
J = 8.2, 16.5 Hz, CH2), 2.34 (1H, dd, J = 5.2, 16.5 Hz, CH2); 13C
NMR (75.5 MHz, CDCl3) 173.1, 170.9, 141.4, 127.8, 124.9, 121.3,
117.7, 50.9, 50.8, 41.7, 36.3, 33.9; HRMS (EI+) [MNH4


+]; calcd
for C14H15O4F3·NH4 m/z 322.1261, found 322.1260.


Dimethyl 2-(4-(biphenyl)benzyl)succinate (7i). Title compound
isolated as a white solid (93 mg, 60%); mp 61–65 ◦C; Rf (4 : 1,
petroleum ether–ethyl acetate) 0.3; IR (KBr, cm−1) m 3027 (C–H),
3005 (C–H), 2954 (C–H), 2926 (C–H), 1761 (C=O), 1726 (C=O),
1175 (C–O), 1153 (C–O); 1H NMR (300 MHz, CDCl3) d 7.42–7.50
(4H, m, Ar), 7.3–7.38 (2H, m, Ar), 7.2–7.28 (1H, m, Ar), 7.14–
7.16 (2H, m, Ar), 3.6 (3H, s, CH3), 3.56 (3H, s, CH3), 2.98–3.12
(2H, m, CH2, CH), 2.68–2.76 (1H, dd, J = 8.2, 13.1 Hz, CH2),
2.58–2.67 (1H, dd, J = 8.6, 16.1 Hz, CH2), 2.32–2.4 (1H, dd, J =
4.8, 16.5 Hz, CH2); 13C NMR (75.5 MHz, CDCl3) 175.1, 172.7,
141.1, 140.0, 137.6, 129.8, 129.2, 127.6, 127.4, 127.0, 52.5, 52.4,
43.4, 37.7, 35.3; HRMS (EI+) [MNH4


+]; calcd for C19H20O4·NH4


m/z 330.1700, found 330.1700.


General procedure for the rhodium-catalysed conjugate addition of
organotrialkoxysilanes to a-amino acrylates


A suspension of ethyl-a-phthalimidoacrylate (0.5 mmol), organo-
trialkoxysilane (1.25 mmol), and [Rh(cod)2][BF4] (0.015 mmol, 3
mol%), in dioxane (2 mL) and water (0.2 mL) was refluxed under
an inert atmosphere. After 24 hours the solution was evaporated
under reduced pressure and re-dissolved in ethyl acetate (10 mL)
and water (10 mL). The phases were separated, and the aqueous
phase extracted with ethyl acetate (2 × 10 mL). The combined
organics were washed with brine, dried over MgSO4, filtered
and concentrated in vacuo. The crude material was purified by
flash chromatography on silica gel (eluent: petroleum ether–ethyl
acetate).


Ethyl 2-(1,3-dioxoisoindolin-2-yl)-3-phenylpropanoate (9a). Title
compound isolated as a white solid (126 mg, 78%); Rf (4 : 1,
petroleum ether–ethyl acetate) 0.42; 1H NMR (300 MHz, CDCl3)
d 7.74–7.79 (2H, m, Ar), 7.66–7.70 (2H, m, Ar), 7.12–7.20 (5H, m,
Ph), 5.14 (1H, dd, J = 5.3, 10.9, NCH), 4.25 (2H, dq, J = 1.6,
7.2, CH2CH3), 3.49–3.64 (2H, m, CH2Ph), 1.26 (3H, t, J = 7.2,
CH3). Further data were in accordance with previous results in
the literature.18


Ethyl 3-(naphthalen-1-yl)-2-(1,3-dioxoisoindolin-2-yl) propanoate
(9b). Title compound isolated as a white solid (168 mg, 90%);
mp 233–234 ◦C; Rf (4 : 1, petroleum ether–ethyl acetate) 0.38; mp
87–90 ◦C; 1H NMR (300 MHz, CDCl3) d 8.10 (1H, d, J = 8.7,
Ar), 7.81 (1H, d, J = 8.7 Hz, Ar), 7.72–7.76 (2H, m, Ar), 7.65–7.69
(3H, m, Ar), 7.43–7.51 (2H, m, Ar), 7.22–7.26 (2H, m, Ar), 5.31
(1H, dd, J = 4.5, 11.3 Hz), 4.3 (2H, dq, J = 1.1, 7.2), 4.17 (1H,
dd, J = 4.5, 14.7 Hz), 3.9 (1H, dd, J = 11.3, 14.7), 1.28 (3H, t, J =
7.2 Hz); 13C NMR (75.5 MHz, CDCl3) 167.7, 166.2, 132.8, 132.6,
131.7, 130.5, 130.3, 127.7, 126.6, 126.0, 125.2, 124.5, 124.0, 122.2,
121.8, 60.9, 51.6, 30.6, 12.9. Further data were in accordance with
previous results in the literature.18


Ethyl 3-(4-butylphenyl)-2-(1,3-dioxoisoindolin-2-yl) propanoate
(9c). Title compound isolated as a colourless oil (120 mg, 63%);
Rf (4 : 1, petroleum ether–ethyl acetate) 0.41; IR (film, cm−1) m 2930,
1778, 1744 (C=O), 1719, 1614, 1515, 1467, 1445, 1388, 1243; 1H
NMR (300 MHz, CDCl3) d 7.6–7.7 (4H, m, Ar), 6.98 (2H, d, J =
8.08 Hz, Ar), 6.9 (2H, d, J = 8.08 Hz, Ar), 5.06 (1H, dd, J = 5.6,
10.89, NCH), 4.16 (2H, dq, J = 1.7, 7.1 Hz, CH2CH3), 3.38–3.54
(2H, m, CHCH2), 2.41 (2H, t, J = 7.56 Hz, CH2), 1.35–1.45 (2H,
m, CH2), 1.1–1.2 (5H, m, CH3CH2), 0.8 (3H, t, J = 7.27, CH3); 13C
NMR (75.5 MHz, CDCl3) 169.3, 167.9, 141.7, 134.5, 134.4, 134.2,
132.0, 129.0, 128.9, 123.7, 62.3, 53.9, 35.5, 34.6, 33.8, 22.6, 14.5,
14.3; HRMS (EI+) [MH+]; calcd for C23H25NO4, m/z 380.1856,
found 380.1856.


Ethyl 2-(1,3-dioxoisoindolin-2-yl)-3-o-tolylpropanoate (9d). Title
compound isolated as a colourless oil (116 mg, 69%); Rf (4 : 1,
petroleum ether–ethyl acetate) 0.35; IR (film, cm−1) m 2981, 1777,
1743, 1715, 1631, 1494, 1467, 1423, 1388; 1H NMR (300 MHz,
CDCl3) d 7.74–7.79 (2H, m, Ar), 7.66–7.70 (2H, m, Ar), 6.9–7.1
(4H, m, Ph), 5.09 (1H, dd, J = 5.3, 10.9, NCH), 4.1 (2H, dq, J =
1.9, 7.2, CH2CH3), 3.4–3.64 (2H, m, CH2Ph), 2.3 (3H, s, Ar–Me),
1.26 (3H, t, J = 7.2, CH3), 13C NMR (75.5 MHz, CDCl3) 169.4,
167.9, 136.9, 135.2, 134.5, 131.9, 130.9, 130.0, 127.4, 126.3, 123.8,
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120.70, 62.4, 52.1, 32.7, 19.6, 14.5; HRMS (EI+) [MH+]; calcd for
C20H19NO4, m/z 338.1387, found 338.1381.


Ethyl 3-(4-methoxyphenyl)-2-(1,3-dioxoisoindolin-2-yl)propanoate
(9e). Title compound isolated as a colourless oil (140 mg, 79%);
1H NMR (300 MHz, CDCl3) d 7.75–7.81 (2H, m, Ar), 7.65–7.72
(2H, m, Ar), 7.07 (2H, d, J = 8.7 Hz, 2,6-Ar–CH), 6.71 (2H, d, J =
8.7 Hz, 3,5-Ar–CH), 5.09 (1H, dd, J = 5.6, 10.7 Hz, NCH), 4.25
(2H, dq, J = 1.9, 7.2 Hz, CH2CH3), 3.70 (3H, s, OMe), 3.43–3.58
(2H, m, CHCH2), 1.26 (3H, t, J 7.2 Hz, CH3). Further data were
in accordance with previous results in the literature.18


General procedure for the rhodium-catalysed conjugate addition of
triethoxysilane


A suspension of a-substituted acrylic ester (0.5 mmol), triethoxysi-
lane (205 mg, 1.25 mmol), and [Rh(cod)2][BF4] (0.015 mmol, 3
mol%), in dioxane (1 mL) and water (0.1 mL) was heated in
a microwave reactor, under an inert atmosphere, at 135 ◦C for
50 min (initial power 110 W). The solution was evaporated under
reduced pressure and re-dissolved in ethyl acetate (10 mL) and
water (10 mL). The phases were separated, and the aqueous
phase extracted with ethyl acetate (2 × 10 mL). The combined
organics were washed with brine, dried over MgSO4, filtered
and concentrated in vacuo. The crude material was purified by
flash chromatography on silica gel (eluent: petroleum ether–ethyl
acetate).


Dimethyl 2-methylsuccinate (10). Title compound isolated as a
colourless oil (57 mg, 71%); Rf (9 : 1, petroleum ether–ethyl acetate)
0.19; IR (film, cm−1) m 3425, 1734 (C=O); 1H NMR (300 MHz,
CDCl3) d 3.63 (3H, s, CH3), 3.61 (3H, s, CH3), 2.82–2.92 (1H, m,
CH), 2.7 (1H, dd, J = 8.06, 8.40, CH2), 2.35 (1H, dd, J = 6.07,
10.4, CH2), 1.12 (3H, d, J = 7.1, CH3); 13C NMR (75.5 MHz,
CDCl3) 176.1, 172.7, 52.5, 52.4, 37.9, 36.0, 17.4; MS (EI+) [MH+];
calcd for C7H12O4, m/z 160.0730, found 160.0302.


Ethyl 2-(1,3-dioxoisoindolin-2-yl)propanoate (11). Title com-
pound isolated as a white solid, alongside trace amounts of
inseparable ethyl-a-phthalimidoacrylate; Rf (4 : 1, petroleum
ether–ethyl acetate) 0.41; IR (nujol, cm−1) m 2922, 2853, 1783,
1716, 1611, 1464, 1385, 1303, 1262, 1233, 1201, 1152, 1099, 1082,
1064, 1021, 1008, 934, 883, 799, 761, 719; 1H NMR (300 MHz,
CDCl3) d 7.87 (2H, dd, J = 3.0, 5.3 Hz, Ar), 7.74 (2H, dd, J =
3.0, 5.3 Hz, Ar), 4.97 (1H, q, J = 7.2 Hz, CH), 4.21 (2H, dq, J =
1.3, 7.2 Hz, CH2), 1.70 (3H, d, J = 7.2 Hz, CHCH3), 1.24 (3H, t,
J = 7.2 Hz, CH2CH3); 13C NMR (75.5 MHz, CDCl3) 170.1, 167.8,
134.5, 132.3, 123.9, 62.2, 48.0, 15.7, 14.5.
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N-Methyl and N-n-butyl-2-(2-boronophenyl)benzimidazoles are accessed from the corresponding
mono-N-alkyl-ortho-phenylenediamines, either using a polyphosphoric acid-mediated cyclisation with
ortho-bromobenzoic acid, or preferably using an OxoneTM-mediated cyclisation of the corresponding
aldehyde, followed by a lithium-exchange and borylation sequence. The resulting boronic acids show
unusual physical and chemical properties, as shown by 11B NMR and X-ray crystallography.


Introduction


There are many examples of polyfunctional catalysts which
do not contain transition or lanthanide metals,1 including
organocatalysts.2 Some of the earliest reported examples of non-
transition metal containing systems are based on organoboron
bifunctional systems, reported as early as the 1950s, and are
effective catalysts for the hydrolysis of chloroalcohols.3 It was
suggested that such systems promoted the hydrolysis of chloroal-
cohols through the cooperative interaction of both the amine and
boronic acid functionalities,3 hence amino boronate-containing
systems of general structure 1 are of general interest as bifunctional
catalysts, which are perhaps closely related to organic catalysts
if they are chemically stable organoboronate derivatives. In
addition, there is increasing interest in the use of bifunctional
aminoboronate analogues as selective binding agents and sensors
for polyfunctional molecules, such as carbohydrates, and hydroxy
acids.4 As part of a programme aimed at investigating the potential
of such systems, we have examined the synthesis, structure and
physical properties of several classes of such aminoboronates
and recently applied certain systems in direct amide formation,5


and herein report our recent studies on N-alkylbenzimidazole
boronate derivatives of type 2.


Results and discussion


Benzimidazole phenylboronic acid 2a has been reported by
Letsinger3 as an effective catalyst for chlorohydrin hydrolysis,
however, its low solubility in organic solvents led us to investigate


aDepartment of Chemistry, Durham University, Science Laboratories, South
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the preparation of N-alkyl derivatives. Initially, we examined the
synthesis of N-methyl analogue 2b, as outlined in Scheme 1.


Scheme 1 Synthesis of N-methylbenzimidazolephenylboronic acid (2b)
and pinacol ester 6.


Hence, condensation of N-methyl-1,2-phenylenediamine 4 and
2-bromobenzoic acid 3 in polyphosphoric6 acid gave 2-(2-
bromophenyl)-N-methylbenzimidazole 5 in 53% yield. Attempts
to improve this conversion using either P2O5 or microwave tech-
niques failed to improve this reaction. Lithium–halogen exchange,
followed by trans-metallation and aqueous work-up produced a
compound which was assigned the overall formula of boronic acid
derivative 2b in 78% yield, due to its similarity to data reported
by Letsinger.7 However, the 11B NMR spectrum of this compound
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was not as expected for a free boronic acid (vide infra), appearing as
a very broad signal d 15.5, i.e. as drawn in structure (I) (Scheme 1).
Confirmation of the formation of a compound which behaved as
boronic acid 2b was readily obtained by formation of the pinacol
ester as a crystalline solid in 69% yield. This compound exhibited
an 11B NMR shift at d 29.7, showing that it exists as shown in
diagram 6, i.e. without N–B interaction (vide infra). The poor
solubility of what appeared to be boronic acid 2b in organic
solvents led us to attempt to prepare a derivative which would
be expected to have improved solubility in organic solvents, i.e.
the N-butyl analogue 2c. Hence, this synthesis of this compound
was attempted, initially using a similar approach to that outlined
in Scheme 1, i.e. as outlined in Scheme 2.


Scheme 2 Synthesis of N-n-butylbenzimidazolephenylboronic acid (2c)
and derivatives.


The synthesis of boronic acid derivative 2c started with prepa-
ration of N-n-butyl-1,2-phenylenediamine 9, which was prepared
over two steps in essentially quantitative yield (Scheme 2). This was
followed by exposure to the polyphosphoric acid-mediated cycli-
sation with ortho-bromobenzoic acid 3. This was an exceptionally
capricious reaction, which after a lengthy work up and purification
procedure could provide the required benzimidazole 10 in up to
38% yield. All attempts to find an improved method of preparing
the benzimidazole 10 from diamine 9 using polyphosphoric acid
failed. Hence, further alternatives were sought.


There are many alternative approaches for the formation
of benzimidazoles from diamines,8 with perhaps the simplest
involving the coupling of 1,2-phenylenediamines with aldehydes,
rather than carboxylic acids, but carried out under oxidising
conditions. Initial attempted reactions of the phenylenediamine
9 with benzaldehyde 11 in refluxing NMP or DMF in air9 failed
to provide any of the desired benzimidazole 10, however, addition
of 0.6 equivalents of OxoneTM to this type of reaction was more
successful,10 especially when carried out in DMF–water mixture,
which resulted in the clean formation of benzimidazole 10 in 69%
yield (Scheme 2).


The preparation of the boronate 2c was then performed accor-
ding to Scheme 2, via lithium–halogen exchange of bromide 10,
followed by quenching with triisopropyl borate. After quenching
with aqueous sodium hydroxide (method A), boronate 2c was
isolated in quantitative yield as a white precipitate as the sodium
hydroxide complex, as evidenced by a 11B NMR shift of d 2.9,


which is typical of a boronate ‘ate’-complex.11 Since method A
(Scheme 2) resulted in the formation of the ‘ate’-complex of 2c, the
preparation of the free boronic acid 2c was examined in a similar
way to that of the ‘ate’-complex, but using a final acidification
step of the reaction mixture to pH 7 (method B). The material
recovered by this method showed a 11B NMR (CD3CN–D2O)
spectrum which contained peaks at d 12.5, 19.7 and 32.8 for the
intramolecular N–B chelate (III), boroxine (II) and free amino
boronic (I) acid, respectively,11 as shown in Scheme 3. Mass
spectrometric data (ES+) obtained for this material confirmed the
boronic acid 2a due to signals observed at m/z 295.2 (MH+) and
317.2 (MNa+), but also revealed the existence of a dimer at m/z
553.4 (2M–2OH) which may either be due to fragmentation of
the boroxine trimer (II) during analysis, or it may also be due to
the presence of a dimer which is implicated as the intermediate
in the formation of boroxine (II) from free boronate (I) (Scheme 3).
The corresponding N-methyl derivative 2b behaves similarly in
terms of mass spectrometric analysis, however, its 11B NMR
spectrum (vide supra) was quite different, showing a single broad
peak at d 15.5. This suggests that interconversion between each
of the different possible forms is relatively fast on the NMR
timescale, however, the intramolecular chelate version, i.e. form
(II) Scheme 1, predominates, explaining the observed chemical
shift. Hence, the N-n-butyl group versus N-methyl group in 2b
versus 2c has the effect of seemingly slowing interconversion
between each of the different possible species present in solution,
i.e. between species (I), (II) and (III) (Scheme 3) in the case of the
N-n-butyl system 2c.


Scheme 3 Equilibrium between the various forms of the N-n-butyl-
benzimidazolephenylboronic acid 2c.


The interesting behaviour exhibited by boronates 2b and 2c
is consistent with other amino boronate complexes which are
capable of intramolecular N–B bonding.12 Since the 11B NMR
signal for the free boronate of 2c, i.e. form (I), appears at d
32.8, and yet it is in equilibrium with signals at d 12.5 and 19.7
indicates that pH 7 is slightly below the isoelectric point for N-n-
butylbenzimidazolephenylboronic acid system 2c.13 In an attempt
to further probe the structural behaviour of 2c, crystallisation was
attempted, but this proved extremely difficult. This was largely
due to (a) its poor solubility in most solvents and (b) presumably
the fact that in solution, it exists in several possible equilibrium
species (see Scheme 3). However, of the numerous solvent systems
tested, the most successful was found to be a mixture of DMF
and chloroform, recrystallisation from which was encouraged by
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temperature cycling. In addition, this crystallisation had to be
performed on a sample of boronate 2c which had first been
acidified to pH <5 with dilute HCl and then re-precipitated
from neutral solution. This method yielded, concomitantly, single
crystals of four very different habits, which could represent
different forms of the boronate 2c (Scheme 3). Unfortunately, only
one crystal was suitable for single crystal X-ray diffraction analysis,
which revealed the structure of the boroxine trimer (II) (Fig. 1) and
hence, also confirmed the chemical connectivity of the monomeric
form of boronic acid 2c. The molecule 2c (II) contains a puckered
1,3,5-boroxine (B3O3) ring, in which the B(1), B(2) and B(3) atoms
deviate from the O3 plane by 0.04, 0.36 and −0.34 Å, respectively.
The B(1) atom has planar–trigonal geometry, its plane is inclined
by 14◦ to the adjacent benzene ring. The B(2) and B(3) atoms are 4-
coordinate through additional intramolecular N → B donations.
These require planarisation of the ligands, wherein the dihedral
angle between the benzimidazole and benzene planes is reduced
to 7◦, against 81◦ in the monodentate ligand bonded to B(1).
In the latter ligand, the “unsupported” benzimidazole moiety is
intensely librating (or statically disordered) within its own plane,
and besides the n-butyl side-chain is conformationally disordered.


Fig. 1 Molecular structure of 2c (II) (Scheme 3) (50% thermal ellipsoids,
H atoms are omitted for clarity).


A survey of the November 2005 release of the Cambridge Struc-
tural Database,14 revealed 29 neutral (rather than anionic) borox-
ines (RBO)3 where R = alkyl or aryl. Of these, 12 contain only
planar–trigonal boron atoms and 13 combine one 4-coordinate
atom with two 3-coordinate, but only two compounds have two
out of three borons 4-coordinate, namely (Me2NXC6H4BO)3,
where X = CH2


15a or CH=N.15b These compounds resemble 2c


(II) in having two of the ligands C–N-chelating, while the third
one remains C-monodentate. This indicates that tetrahedrisation
of boron atoms becomes progressively more difficult, obviously
due to steric overcrowding. Nevertheless, the difficulty is not
unsurmountable, since two boroxines are known to have all boron
atoms 4-coordinate.5a,15a


The strength of the N: → B donor–acceptor interaction is
highly variable. In 218 known adducts of the N: → B(OR)2R
type (R = organic group), the B–N distances range from 1.56
to 1.98 Å;14 those in 2c (II) (see Table 1) are ca. 0.1 Å from
the lower limit. Toyota et al.15c suggested a method to quantify
‘tetrahedral character’ (TCH), of a boron atom by the average
angle h between the covalent bonds, as h can vary from 120◦ for
planar–trigonal coordination to 109.5◦ for the tetrahedral; hence
TCH = (120◦ − h)/(120◦–109.5◦). TCH shows better correlation
with the stability of adducts than the B–N distance.15c By this
estimate, B(2) and B(3) have TCH of 48 and 53%, respectively,
showing the relative lability of the N → B bonds. Indeed, in
solution, this compound shows a single 11B NMR resonance at d =
19, which indicates fluxional behaviour (on the NMR timescale)
with all three nitrogen ligands, which rapidly switch between boron
chelation and decomplexation.


Summary and conclusions


The requirements for cooperative bifunctional binding of sub-
strates using aminoboronate systems are essentially similar to the
requirements for catalytic effects.3–5 It is becoming clear that seem-
ingly minor changes in the structure of the aminoboronate system
can have profound effects on the physical, and subsequently, the
chemical properties of such compounds. In the present case, a
seemingly minor substitution (methyl versus n-butyl in 2b and 2c,
respectively) results in subtle changes in the dynamics of the B–N
chelation, as evidenced by 11B NMR. Both these benzimidazoles
also show very different physical and chemical behaviour to, for
example, ortho-benzylaminoboronic acid derivatives, where B–N
chelation can be switched on and off by using simple steric effects,5d


which results in the latter systems being efficient direct amide
formation catalysts, whereas the present systems are unreactive.
However, the aminoboronate systems 2 discussed herein are active
catalysts for chloroalcohol hydrolysis,3 and are therefore likely to
have other catalytic applications which directly correlate with their
unique chemical and structural properties. Further reports on the
application of these systems for novel catalytic applications will be
reported in due course.


Table 1 Selected bond distances (Å) and angles (◦) in 2c (II) (Scheme 3)


Bond Distance (angle) Bond Distance (angle)


B(3)–O(1) 1.480(4) B(2)–O(2) 1.458(4)
B(2)–O(3) 1.417(4) B(3)–O(3) 1.416(4)
B(2)–C(117) 1.634(4) B(3)–C(217) 1.630(5)
B(2)–N(101) 1.666(4) B(3)–N(201) 1.641(4)
B(1)–O(1) 1.358(4) B(1)–O(2) 1.358(4)
B(1)–C(17) 1.586(4) O(1)B(1)O(2) 122.1(3)
O(1)B(1)C(17) 118.2(2) O(2)B(1)C(17) 119.5(3)
O(2)B(2)O(3) 115.2(2) O(1)B(3)O(3) 114.3(2)
O(2)B(2)C(117) 113.8(3) O(3)B(3)C(217) 116.3(3)
O(3)B(2)C(117) 115.9(3) O(1)B(3)C(217) 112.7(2)
N(101)B(2)C(117) 94.1(2) N(201)B(3)C(217) 94.6(2)
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Experimental


All starting materials were obtained commercially from Aldrich,
Lancaster or Fluka and were used as received or prepared by
known methods, unless otherwise stated. Solvents were also
used as received or dried by known methods, unless otherwise
stated. In the case of DCM and toluene this involved refluxing
over calcium hydride under argon and in the case of ether and
THF involved refluxing over sodium and benzophenone under
argon. Purification by column chromatography was performed
using Lancaster silica gel with pore size 60 Å. TLC was carried
out using Merck aluminium-backed or plastic-backed pre-coated
plates. TLC plates were analysed by UV at 254 and 365 nm,
and visualisation was performed using standard solutions of 4-
anisaldehyde, vanillin or phosphomolybdic acid. NMR spectra
were recorded at 200, 300 or 400 MHz using a Varian Mercury
200 MHz spectrometer, Varian Unity 300 MHz spectrometer or
a Brucker 400 MHz spectrometer, respectively, unless otherwise
stated. Electrospray (ES) mass spectra were recorded using a Mi-
cromass LCT spectrometer. Infrared spectra were obtained using
FT1600 series spectrometer. Ultra-violet spectra were measured
using a Unicam UV-Vis UV2 spectrometer. Melting points were
measured with an Electrothermal apparatus and were uncorrected.
Evaporations were carried out at 20 mm Hg using a Büchi rotary
evaporator and water bath, followed by evaporation to dryness
under vacuum (<2 mm Hg). Chloroform used in the preparation
of the phosphoryl compounds was Aldrich HPLC grade 99.9%
stabilised with amylenes.


N-Methyl-2-(2-bromophenyl)benzimidazole (5)


N-Methylphenylene-1,2-diamine 4 (12.0 g, 0.10 mmol), 2-
bromobenzoic acid 3 (19.9 g, 0.01 mmol) and polyphosphoric
acid (60.0 g) were mixed into a paste and heated to 175 ◦C under
argon for 4 h. The reaction solution was then poured into ice-water
(400 ml) and the pH adjusted to 10–11 with ammonium hydroxide.
The resulting sticky solid was then dissolved in ethanol (50 ml) and
reprecipitated with dilute ammonium hydroxide at pH 10–11 to
yield pale purple needles (23.7 g). The needles were then removed
by filtration and purified by dissolving in ethyl acetate passing
through a short dry silica gel column (toluene–ethyl acetate, 9 : 1,
as eluent), to give N-methyl-2-(2-bromophenyl)benzimidazole 5
as a pale cream solid (15.2 g, 53%); mp 116 ◦C; mmax(nujol)/cm−1


inter alia 752, 782, 1023, 1240, 1281, 1327, 1434, 1523, 1560, 1598,
1612 cm−1; kmax(EtOH)/nm 206.0 (e/dm3mol−1cm−1 59180), 256.0
(9470), 278.0 (12370), 284.0 (11940); dH(400 MHz, CDCl3) 3.66
(3H, s, CH3N), 7.30–7.43 (4H, m, ArH), 7.46 (1H, td, J 7.4 and 1.4,
ArH), 7.54 (dd, 1H, J 7.6 and 1.6, ArH), 7.71 (dd, 1H, J 8.0 and
0.8, ArH), 7.84 (dd, 1H, J 7.1 and 1.6, ArH); dC(100 MHz, CDCl3)
31.1, 109.9, 120.4, 122.7, 123.2, 124.1, 127.8, 131.7, 132.4, 132.7,
133.1, 135.7, 143.0, 152.8; m/z (EI+) inter alia 288 (94%, M+• 81Br),
286 (96, M+• 79Br), 207 (100), 206 (75); found C, 59.04; H, 3.87; N,
9.78; C14H11N2Br requires C, 58.56; H, 3.86; N 9.76%.


N-Methyl-2-(2-boronophenyl)benzimidazole (2b)


t-Butyllithium (29 ml, 1.69 M in hexanes, 48.8 mmol) and dry
diethyl ether (162 ml) were placed in a flask and cooled to
−78 ◦C. A solution of N-methyl-2-(2-bromophenyl)benzimidazole
5 (7.0 g, 24.4 mmol in 315 ml of dry diethyl ether) was then added


dropwise over 1.5 h. The resulting suspension was then stirred for
a further 2 h at −72 ◦C. A solution of triisopropylborate (23.5 ml
in 250 ml of dry diethyl ether) was then added dropwise over 0.5 h.
After stirring at −78 ◦C for further 0.5 h the solution was allowed
to warm to room temperature overnight. 5% Aqueous sodium
hydroxide (300 ml) was then added and the layers separated.
The pH of the aqueous phase was then adjusted to pH 1–2
with concentrated HCl. The aqueous phase was then washed
with diethyl ether (3 × 50 ml). The aqueous phase was then
adjusted to pH 7–8 with 5% sodium hydroxide, saturated with
salt and extracted with chloroform (3 × 100 ml). Evaporation
gave N-methyl-2-(2-boronophenyl)benzimidazole 2b as a cream
solid (4.8 g, 78%); mp. 218 dec ◦C; mmax(nujol)/cm−1 1734, 1596,
1532, 1491, 1433, 1370, 1325, 1296, 1279, 1256, 1239, 1174, 1135,
1118, 1063, 749; kmax(MeCN)/nm 208.0 (e/dm3mol−1cm−1 49610),
244.0 (15620); dH (400 MHz, CDCl3) 3.16 (3H, s, CH3N), 7.00–
7.08 (1H, m, Ar–H), 7.18–7.24 (2H, m, Ar–H), 7.26–7.32 (2H, m,
Ar–H), 7.38–7.48 (2H, m, Ar–H), 7.55–7.60 (1H, m, Ar–H); dC


(100 MHz, CDCl3) 30.8, 109.5, 117.2, 122.2, 122.7, 124.0, 125.0,
127.9, 130.1, 131.4, 132.4, 132.6, 136.0, 137.0, 155.6; dB (96 MHz,
CDCl3) 15.5 (br s); m/z (ES+) inter alia 253 (100%, M + H), 469
(65%, 2M + H–2OH); HRMS (ES+) found (M + H) 253.1172,
C14H14N2O2B requires 253.1148.


N-Methyl-2-(2-(4,4,5,5-tetramethyl-[1,3,2]-dioxaborolan-
2-yl)phenyl)benzimidazole (6)


N-Methyl-2-(2-boronophenyl)benzimidazole 2b (1.0 g; 3.97 mmol)
was added to a solution of pinacol (0.45 g; 3.97 mmol in 25 ml
of diethyl ether) and the resulting suspension stirred at room
temperature overnight. The desired boronic acid ester 6 was then
isolated by filtration as white solid (0.92 g; 69%); mp. 169 ◦C;
mmax(nujol)/cm−1 1603, 1523, 1353, 1143, 1090, 1045, 859, 749, 658;
kmax(MeCN)/nm 208.0 (e/dm3mol−1cm−1 79890), 244.0 (18140);
dH(400 MHz, CDCl3) 1.12 (12H, s, 4 × CH3C), 3.67 (3H, s, CH3N),
7.27–7.40 (3H, m, ArH), 7.44–7.56 (3H, m, ArH), 7.76–7.79 (1H,
m, ArH); dC (100 MHz, CDCl3) 24.9, 31.3, 83.8, 109.5, 119.7,
122.1, 122.5, 129.2, 130.3, 134.9, 135.7, 136.2, 142.8, 155.2; dB


(96 MHz, (CD3)2SO) 29.7 (br s); m/z (EI+) inter alia 333 (M–H,
100), 334 (M+, 44); found C, 71.65; H, 6.95; N, 8.22; C20H23BN2O2


requires C, 71.87; H, 6.94; N, 8.38%.


1-Butylamino-2-nitrobenzene (8)16


2-Bromonitrobenzene 7 (20.0 g; 0.099 mol) and n-butylamine
(36 ml; 0.366 mol) were dissolved in DMSO (100 ml) and heated
to 80 ◦C and stirred overnight. The reaction solution was then
allowed to cool to room temperature before the addition of water
(300 ml). The resulting solution was then extracted with DCM
(3 × 150 ml). The combined extracts were then washed with brine
(3 × 100 ml) and dried over MgSO4. Filtration and evaporation
gave nitrophenylamine 816 as a yellow oil in quantitative yield,
which was used for the following step without further purification;
mmax(neat)/cm−1 inter alia 3381, 3084, 1618, 1572, 1510, 1419,
1354, 1263, 2333, 1159, 1038, 861, 742; kmax(EtOH)/nm 208.3
(e/dm3mol−1cm−1 9550), 230.0 (21990), 260.8 (5580), 283.9 (7660);
dH (400 MHz, CDCl3) 0.97 (3H, t, J 7.2, CH2CH3), 1.47 (2H, sex-
tet, J 7.4, CH2CH2CH3), 1.71 (2H, quintet, J 7.3, CH2CH2CH2),
3.28 (2H, m,CH2NH), 6.60 (1H, ddd, J 8.5, 6.8, 1.3, Ar–H), 6.83
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(1H, ddd, J 8.8, 0.8 and 0.4, Ar–H), 7.41 (1H, dddd, J 8.8, 6.8, 1.6
and 0.8), 8.04 (1H, br s, N–H), 8.14 (1H, ddd, J 8.4, 1.6 and 0.4);
dC (100 MHz, CDCl3) 14.0, 20.5, 31.2, 42.9, 114.0, 115.2, 127.1,
131.9, 136.4, 145.9. m/z (ES+) inter alia 217 (100, M + Na), 195
(M + H); HRMS (ES+) found: (M + Na) 217.0962, C10H14N2O2


requires 217.0953.


N-n-Butyl-1,2-phenylenediamine (9)16


1-n-Butylamino-2-nitrobenzene 8 (20 g; 0.10 mol) and Pd/C
catalyst (2 g 10% Pd/C; 1.88 mmol) were placed in methanol
and stirred under hydrogen for 3 h. The reaction was maintained
at room temperature by the use of an ice-water bath. The resulting
solution was the filtered through a short silica gel column to
remove the catalyst, to give a clear colourless solution which
turned brown upon standing. Evaporation gave the diamine 916


as a viscous brown liquid, which was used for the following step
without further purification; dH (400 MHz, CDCl3) 0.99 (3H, t, J
7.4, CH3CH2), 1.48 (2H, hextet, J 7.4, CH2CH2CH3), 1.68 (2H,
quintet, J 7.3, CH2CH2CH2), 3.12, (2H, t, J 7, CH2N), 3.37 (3H,
br s, N–H), 6.66–6.76 (3H, m, Ar–H), 6.85 (1H, td, J 7.4 and 1.8,
Ar–H); dC (100 MHz, CDCl3) 14.3, 20.7, 32.0, 44.3, 112.0, 116.7,
118.7, 121.0, 134.3, 138.2.


2-(2-Bromophenyl)-N-butylbenzimidazole (10)17


N-Butyl-1,2-phenylenediamine 9 (20 g; 0.122 mol) and 2-
bromobenzoic acid 3 (26.8 g; 0.133 mol) were mixed into PPA
(80 g), placed under an atmosphere of argon and heated to 180 ◦C
for 6 h. This resulted in the formation of a black solution which
was poured into ice-water (ca. 500 ml) whilst hot. The resulting
water–tar mixture solution was then adjusted to alkaline pH by
the addition of dilute ammonium hydroxide and further ice. The
aqueous phase was then extracted with DCM (1 × 300 ml). Sodium
chloride was then added to the remaining aqueous phase and
the solution was further extracted with DCM (2 × 200 ml). The
combined extracts were then washed with ammonium hydroxide
(10% v/v) containing a trace of ethanol and dried over MgSO4.
Evaporation gave a viscous black oil (28.7 g) which was purified
by passing through a short dry silica gel column (diethyl ether as
eluant) to give 2-(2-bromophenyl)-N-n-butylbenzimidazole 1017 as
a viscous brown oil (14.2 g; 35%); mmax/cm−1 inter alia 3661 (amine),
3391 (amine), 3059 (Ar), 2958 (CH), 2931 (CH), 2871 (CH),
1613 (Ar), 1599 (Ar), 1453, 1393 (CH), 1281 (benzimidazole),
1243 (benzimidazole), 1026 (benzimidazole) and 706 (ArBr); dH


(400 MHz, CDCl3) 0.71 (t, J 7.4 Hz, 3 H, CH3), 1.11 (hextet,
J 7.5 Hz, 2 H, CH3CH2CH2), 1.61 (quintet, J 7.5 Hz, 2 H,
CH2CH2CH2), 3.98 (t, J 7.2 Hz, 2 H, NCH2CH2), 7.25–7.46 (m, 6
H, ArH), 7.64–7.66 (m, 1 H, ArH) and 7.76–7.80 (m, 1 H, ArH);
dC (100 MHz, CDCl3) 13.5 (CH3), 20.0 (CH2), 31.5 (CH2), 44.4
(CH2), 110.2 (Ar), 120.2 (Ar), 122.4 (Ar), 123.0 (Ar), 124.0 (Ar),
127.4 (Ar), 131.4 (Ar), 132.4 (Ar), 132.9 (Ar), 134.4 (Ar), 145.6
(Ar) and 152.3 (Ar); m/z EI (+) inter alia 206.0 (M–CH2CHCH2Br,
91%), 284.7 (M–CH2CHCH2, 56%), 286.7 (M–CH2CHCH2, 56%),
327.8 (MH, 100%) and 329.8 (MH, 99%); m/z EI (+) 327.8 (M–H,
95.57%) 329.8 (M–H, 89.07%); HRMS (ES+) C17H17N2Br requires
328.2487 and 330.2467.


Synthesis of the 2-(2-bromophenyl)-N-n-butyl-benzimidazole (10)18


A solution of 9 (4.977 g, 30.40 mmol) in DMF (50 ml) and
H2O (1.6 ml), was treated with 2-bromobenzaldehyde 11 (3.52 ml,
30.4 mmol) and OxoneTM (11.008 g, 18.2 mmol). After stirring at
room temperature for 12 h, the reaction was carefully quenched
by the addition of an aqueous solution of K2CO3 (0.04 M,
310 ml). The resulting suspension was extracted with ethyl acetate
(3 × 150 ml) and the combined organic extracts dried (MgSO4)
and evaporated. The resulting residue was purified by silica
gel chromatography (hexane–ethyl acetate, gradient elution) to
provide 1018 as a viscous pale brown oil (6.936 g, 69%), which was
identical to that prepared in the previous experiment.


Synthesis of the 2-(2-boronophenyl)-N-n-butyl-benzimidazole
sodium hydroxide salt of 2c


A solution of benzimidazole 10 (0.223 g, 0.677 mmol) in ether
(7 ml) at −78 ◦C under argon was treated with t-BuLi (1.69 ml,
0.52 M in pentane, 0.879 mmol) over a period of 15 min. The
resultant solution was stirred at −78 ◦C for 1 h, treated with
B(OiPr)3 (0.355 ml, 1.54 mmol) and the solution stirred for 48 h
during which it was allowed to warm slowly from −78 ◦C to
room temperature. NaOH (20% w/v, 7 ml) was then added, and
the mixture was stirred at room temperature for 1 h. The yellow
precipitate that formed, was filtered, washed with ether and dried
to give 2c·NaOH as a white solid (0.161 g, 100%); mp 147.7–
148.9 ◦C; kmax (EtOH)/nm 225sh, 245sh, 252sh, 297sh and 316
(e/dm3 mol−1 cm−1 15 015, 9 610, 8 408, 10 811 and 13 513); mmax


(KBr)/cm−1 inter alia 3418 (amine), 3044 (Ar), 2959 (CH), 2931
(CH), 2873 (CH), 1455, 1397 (CH), 1284 (benzimidazole), 1204,
1173, 1059 (benzimidazole), 959, 897, 866 and 745; dH (400 MHz,
CD3CN–D2O, 3 : 1) 0.71 (t, J 7.4 Hz, 3 H, CH3), 1.14 (hextet,
J 7.5 Hz, 2 H, CH3CH2CH2), 1.64 (quintet, J 7.5 Hz, 2 H,
NCH2CH2), 3.99 (m, 2 H, NCH2CH2), 7.25–7.32 (m, 4 H, ArH),
7.39–7.43 (m, 1 H, ArH), 7.54–7.57 (m, 1 H, ArH), 7.64–7.66 (m, 1
H, ArH) and 7.70 (d, J 7.2 Hz, 1 H, ArH); dC (400 MHz, CD3CN–
D2O, 3 : 1) 10.2, 16.7, 28.3, 41.6, 108.5, 115.3, 119.9, 120.0, 122.7,
126.2, 126.5, 129.0, 129.7, 131.9 and 159.0; dB (128 MHz, D2O)
2.9; m/z ES (−) 309.5 (M–Na, 22%), 293.5 (M–NaOH, 100%);
m/z ES (+) 611.4 (2M–Na–2OH, 35%), 317.2 (M–OH, 100%);
HMRS ES (+) found 295.1627, C17H20O2N2B requires 295.1630.


Synthesis of the 2-(2-boronophenyl)-N-n-butyl-benzimidazole (2c)


A solution of 10 (0.369 g, 1.12 mmol) in diethyl ether (3 ml) at
−78 ◦C under argon, was treated with n-BuLi (0.896 ml, 2.5 M
in pentane, 2.24 mmol) over 30 min, and the resultant solution
stirred for 1 h. B(OiPr)3 (0.52 ml, 2 × 1.12 mmol) was added and
the solution stirred for 4 h at −78 ◦C and allowed to warm to room
temperature. The solution was quenched with aqueous NaOH
(10% w/v, 2 ml), and stirred at room temperature for 15 min. The
pH of the solution was adjusted to pH 7 with aqueous HCl (10%
w/v) and the resulting precipitate was filtered, washed (diethyl
ether) and dried to give 2c as a white solid (0.261 g, 79%); mp
235.6–239.9 ◦C; mmax (KBr)/cm−1 inter alia 3439 (amine), 3049
(Ar), 2957 (CH), 2930 (CH), 2872 (CH), 1636, 1616 (Ar), 1524,
1461, 1360, 1300 (ArB(OH)2), 1171, 1007 (boroxine) and 953; dH


(400 MHz, CD3CN–D2O, 3 : 1) 0.90 (t, J 7 Hz, 3 H, CH3), 1.40
(hextet, J 7.5 Hz, 2 H, CH2), 1.90 (quintet, J 8 Hz, 2 H, CH2), 4.55
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(t, J 7 Hz, 2 H, NCH2), 7.41–7.51 (m, 4 H, Ar), 7.64–7.67 (m, 2 H,
Ar) and 7.79–7.83 (m, 2 H, Ar); dC (400 MHz, CD3CN–D2O, 3 : 1)
12.7, 19.3, 31.0, 44.3, 111.3, 114.4, 116.4, 123.0, 123.5, 124.4, 127.5,
129.3, 130.16, 131.0, 133.1, 136.1 and 159; dB (128 MHz, CD3CN–
D2O, 3 : 1) 12.5, 19.7 and 32.8; m/z ES (+) 553.4 (2M–2OH, 100%),
317.2 (47) and 295.2 (25); HRMS (ES+) found m/z 295.1627
[M + H], C17H20N2O2B requires m/z 295.1618.


X-Ray crystallography†


The diffraction experiment for (II) (Scheme 3) was carried out on
a 3-circle Bruker diffractometer with a SMART 6 K CCD area
detector, using graphite-monochromated Mo Ka radiation (k̄ =
0.71073 Å) and a Cryostream (Oxford Cryosystems) open-flow N2


cryostat. The structure was solved by direct methods and refined
by full-matrix least squares against F 2 of all reflections, using
SHELXTL software.18 Refining high-ADP atoms of the uncoordi-
nated benzimidazole group in two split positions gave no improve-
ment. Crystal data: C51H51B3N6O3, M = 828.41, T = 120 K,
triclinic, space group P1 (No. 2), a = 11.223(2), b = 13.252(3),
c = 16.734(3) Å, a = 75.48(3), b = 73.58(3), c = 70.65(3)◦, U =
2218.3(8) Å3, Z = 2, Dc = 1.240 g cm−3, l = 0.08 mm−1, 14759
reflections with 2h ≤ 50◦, Rint = 0.070, wR(F 2) = 0.130 (7766
unique data), R(F) = 0.058 [3854 data with I ≥ 2r(I)].
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Peptide dendrimers were investigated as synthetic models for aldolase enzymes. Combinatorial libraries
were prepared with aldolase active residues such as lysine and proline placed at the dendrimer core or
near the surface. On-bead selection for aldolase activity was carried out using the dye-labelled
1,3-diketone 1a, suitable for covalent trapping of enamine-reactive side-chains, and the fluorogenic
enolization probe 6. Aldolase dendrimers catalyzed the aldol reaction of acetone, dihydroxyacetone and
cyclohexanone with nitrobenzaldehyde. Much like enzymes, the dendrimers exhibited strong aldolase
activity in aqueous medium, but were also active in organic solvent. Dendrimer-catalyzed aldol
reactions reached complete conversion in 3 h at 25 ◦C with 1 mol% catalyst and gave aldol products
with up to 65% ee. A positive dendritic effect in catalysis was observed with both lysine and proline
based aldolase dendrimer catalysts.


Introduction


The aldol reaction is one of the most important C–C bond forming
reactions in organic synthesis. The reaction can be catalyzed in
water by enzymes, which operate by an enamine (type I) or an
enolate (type II) mechanism.1 Type I aldolase mimics are known
based on catalytic antibodies acting primarily in water,2 and small
molecule organocatalysts such as proline, which are usually more
active in organic solvent.3,4 Zn–proline is a type II aldolase mimic
acting in water.5


We asked the question whether a synthetic macromolecular
enzyme model could be obtained that would reproduce the type I
aldolase activity in an aqueous environment, working on the basis
of peptide dendrimers as a framework. Dendrimers are tree-like
macromolecules under investigation for various uses in technology
and medicine.6,7 We recently reported artificial esterases on a
peptide dendrimer basis,8 showing that these macromolecules
are suitable as catalysts in an aqueous environment.9 A recent
report showed that multivalent prolines at the surface of a
poly(propylene) imine dendrimer exhibit comparable activities
to proline itself for aldolization in organic solvent, however
the study did not address the issue of aqueous catalysis as an
enzyme model.10 Herein, we report the discovery of aldolase
peptide dendrimers by functional selection from dendrimer
combinatorial libraries using probes specific for aldolase active
residues. The aldolase dendrimers are shown to operate by a
type I mechanism in water. The most active catalysts, such as
L2D1, display multiple N-terminal prolines or primary amines as
catalytic groups (Scheme 1). The activity of proline residues in the
dendritic multivalent display is enhanced compared to monovalent
catalysts.


Department of Chemistry and Biochemistry, University of Berne, Freiestrasse
3, CH-3012, Berne, Switzerland. E-mail: jean-louis.reymond@ioc.unibe.ch
† Electronic supplementary information (ESI) available: HPLC chro-
matograms, NMR and MS spectra, and kinetic data. See DOI:
10.1039/b607342e


Scheme 1 Peptide dendrimer catalyzed aldol reaction. Conditions: 1 mM
dendrimer in DMSO–acetone (4 : 1, v/v), 36 h, rt.
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Results and discussion


Combinatorial discovery of aldolase dendrimers


We recently reported a combinatorial approach to peptide den-
drimers based on functional screening of split-and-mix11 libraries
on a solid support.12 The peptide dendrimers in these libraries
contain eight variable amino acid positions along three successive
branches. Using four different amino acids per variable position
results in a combinatorial library of 48 = 65 536 members (Fig. 1).12


We reasoned that focused dendrimer libraries incorporating the
essential features of known aldolase enzymes and catalysts might
contain catalytic aldolase dendrimers, and that these functional
dendrimers could be discovered using appropriate probes for
screening.


Fig. 1 Combinatorial split-and-mix synthesis of peptide dendrimers.
� = L-2,3-diaminopropanoic acid (Dap). Library L1 is acetylated at
the N-terminus. Using 4 amino acids per variable position Ai (i = 1–8)
gives 48 = 65 536 members. Conditions: a) suspend the whole resin batch
in DMF–DCM (2 : 1, v/v), mix via nitrogen bubbling for 15 min, and
split the batch in four equal portions 1–4; b) in each portion x = 1–4:
2.5 eq. Fmoc–Ai


x–OH, 2.5 eq. PyBOP, 6.0 eq. DIEA, DMF, 2g × 60 min
(where g = generation number), then DMF–piperidine (4 : 1, v/v), 2 ×
10 min; c) same as b) with Fmoc–Dap(Fmoc)–OH.


A first library (L1) was designed to mimic type I aldolase
enzymes and catalytic antibodies by using lysine residues as one
of the variable residues for the core positions A1 and A3 (Fig. 1).13


The core also featured hydrophobic and aromatic residues to
create a hydrophobic microenvironment, while most other charged
and polar residues were placed near the surface. The library was
acetylated at the N-terminus and the side chains deprotected to
yield library L1. A second library (L2) featured multiple catalytic
residues at the surface (free N-termini, N-terminal proline, or
lysine), with the aim of exploiting a possible dendritic effect in
aldolase catalysis similar to that observed with esterase peptide


dendrimers with multiple histidines.8d Thus, lysine was used as
one of the variable amino acids for positions A5 and A7, and
proline as one of the variable amino acids for positions A6 and
A8. The other amino acids were distributed evenly in the available
variable positions. In this case, the library was left with a free N-
terminus after removal of the last Fmoc protecting groups and the
side chains deprotected, giving library L2.


Four different probes were prepared for functional screening
of the dendrimer libraries. The first probe was the dye-labelled
1,3-diketone 1a. Such 1,3-diketones react rapidly with lysine side-
chains to form a stable enaminone, and the method has been
used to select catalytic antibodies by reactive immunization with
hapten 1b (Scheme 2).2 The probe was obtained by alkylation of
acetylacetone with nitrobenzyl bromide at the terminal position
via the dienolate to intermediate 2, hydrogenation of the nitro
group to the unstable aniline 3, and coupling with monoester
5, obtained by acylation of Disperse Red 1 (4) with succinic
anhydride.


Scheme 2 Aldolization mechanisms and enaminone formation with
diketone probe 1a. Synthesis: (a) 2.1 eq. LDA, THF, HMPA, −78 ◦C,
2 h, 4-nitrobenzyl bromide (40%); (b) H2, Pd/C (10 mol%), DCM, rt,
18 h, not isolated; (c) succinic anhydride, DMAP, Et3N, DCM, rt, 5 h,
(33%); (d) 3, EDC, HOBt, DCM, 0 ◦C to rt, 18 h, (95%).
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The dihydroxyacetone derivative 6 was used as a second
screening probe (Scheme 3). Ketone 6 undergoes enolization in
the presence of aldolase catalysts by rate-limiting deprotonation
of the a-carbon atom, followed by b-elimination of the fluorescent
product umbelliferone 7. The probe detects both enamine (type I)
aldolase catalysts such as catalytic antibody 38C2 and enolate
(type II) aldolase catalyst such as Zn(Pro)2.14 Ketone 6 was
prepared from umbelliferone 7 by alkylation with allylbromide
to form allyl ether 8, dihydroxylation to form glycerol ether 9,
protection of the primary alcohol to silyl ether 10, oxidation of
the secondary alcohol to ketone 11, and acidic deprotection and
purification by reverse-phase HPLC.


Scheme 3 Fluorogenic enolization probe 6. Synthesis conditions:
(a) allyl bromide, K2CO3, acetone, reflux, 18 h, (85%); (b) NMO, OsO4,
t-BuOH–H2O (2 : 1, v/v), rt, 18 h, (95%); c) TBDMSCl, imidazole,
DCM–DMF (3 : 1, v/v), rt, 18 h, (58%); d) oxalyl chloride, DMSO, Et3N,
1 h, −78 ◦C, 78% yield; e) TFA–H2O (9 : 1, v/v), rt, 1 h, (33%).


Two additional aldolase screening assays were carried out
using the known retro-aldolization probes 1215 and 14,16 which
were prepared using the published procedures. Theses substrates


undergo a fluorogenic retro-aldolization reaction and are suitable
for detecting aldolase antibodies by fluorescence (Scheme 4).
Indeed, the aldol reaction between a ketone and an aldehyde is
a near-equilibrium process, and the direction of the reaction is
given by the concentration of the reactants,17 allowing the use of
retro-aldolization as a test for aldol catalysis.


Scheme 4 Fluorogenic probes for retro-aldolization.


Activity screening was carried out several times for each of
the probes. Each screening used a 50 mg batch of the library
corresponding to approximately 62 500 beads,18 ensuring 60%
coverage of the library.19 Since the beads were acidic after removal
of the protecting group with trifluoroacetic acid, they were
equilibrated several times with aqueous phosphate buffer saline
pH 7.4 (PBS) and DMF for neutralization before each assay.


The binding assay with diketone 1a was carried out in a 1 :
1 mixture of PBS and dimethylsulfoxide (DMSO), followed by
washing. The cosolvent was necessary to solubilize the probe,
and the conditions were also favorable for aldol catalysis. The
concentration of 1a was adjusted to 50 lM and the incubation
time to 30 min to produce only very few beads (ca. 50, 0.1%) per
screening batch (Fig. 2). There was no detectable staining with up
to 10 mM Disperse Red (3) alone under the screening conditions,
showing the specificity of the staining reaction with the diketone
probe 1a. The beads stained by diketone 1a in library L1 contained
dendrimers with one or three lysine residues, with a strong selection
for lysine at position A1, consistent with enaminone formation


Fig. 2 High throughput screening of the libraries. Left: diketone probe 1b, the beads containing binding sequences are deep red, beads with inactive
sequences are colorless. Right: enolization probe 6, the beads containing catalytic sequences appear in light blue, beads with inactive sequences are black.
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Table 1 Peptide dendrimer sequencesa identified by amino acid analysis of active beads from the combinatorial libraries L1 and L2. Sequences L1D1–
L1D7 and L2D1–L2D9; hits for the diketone 1a with library L1 and L2. Sequences L2K1–L2K8; hits for the ketone 6 with library L2


Assay Dendrimer A8 A7 A6 A5 A4 A4 A2 A1


Enaminone formation with 1ab L1D1 Leu Ile Glu Thr Ser Val Ser Lys
L1D2 Glu Thr Glu Tyr Phe Gly Ser Lys
L1D3 Glu Thr Arg Ile Phe Ala Asp Gly
L1D4 Leu Ile Arg Thr Trp Gly Phe Ala
L1D5 Glu Tyr Arg Thr Phe Lys Ser Lys
L1D6 Arg Tyr Glu Tyr Phe Lys Ser Lys
L1D7 Arg Ile Leu Thr Phe Val Asp Lys
L2D1 Pro Lys Pro Lys Tyr Leu Ile Gly
L2D2 Pro Lys Pro Lys Ile Ala Tyr Ala
L2D3 Glu Lys Thr Asp Tyr Leu Phe Val
L2D4 Thr Lys Glu Lys Ile Ala Tyr Gly
L2D5 Glu Lys Ser Lys Tyr Ala Phe Val
L2D6 Ser Lys Ser Lys Tyr Gly Phe Gly
L2D7 Pro Lys Glu Arg b-Ala Gly Phe Val
L2D8 Ser Lys Pro Arg Ile Gly Tyr Gly
L2D9 Glu Lys Ser Asp Ile Gly Phe Gly


Catalysis of direct b-elimination of ketone 6c L1 No hits with this library were observed
L2K1 Pro Lys Ser His b-Ala Ala Ile Val
L2K2 Thr Arg Ser Arg b-Ala Val Tyr Gly
L2K3 Pro Lys Thr Lys b-Ala Ala Phe Gly
L2K4 Pro Lys Thr His Tyr Gly Phe Val
L2K5 Pro Lys Ser Asp Ile Gly Ile Leu
L2K6 Ser Asp Pro His b-Ala Gly Tyr Gly
L2K7 Pro Lys Ser Arg b-Ala Val Tyr Leu
L2K8 Glu Lys Glu Asp Ile Gly Tyr Ala


a Dendrimer structure according to Fig. 1. Dendrimers marked bold were resynthesized by Fmoc–SPPS and purified. b In library L1 N-termini were
acetylated; in library L2 N-termini were free amine. Screening conditions: beads shaken in DMSO–PBS buffer (pH = 7.4) (1 : 1, v/v) with 50 lM diketone
1a for 30 min, 25 ◦C. Hits are deep red (see Fig. 2). c In library L1 N-termini were acetylated; in library L2 N-termini were free amine. Beads soaken in
aqueous bicine buffer pH = 8.50 with 1% acetonitrile with 100 lM probe 6 for 40 min, 25 ◦C. Hits are light blue under radiation with a TLC UV-lamp
set at 356 nm (see Fig. 2). Statistically significant selections for L1: Lys at A1, Phe(Trp) at A4, Arg and Glu at A6/A8. L2 with 1a: Lys at A7. L2 with 6:
Pro at A8.


(Table 1). The positive selection of lysine residues by probe 1a
at position A1 was confirmed by sequencing of 7 beads from
library L1 picked at random. In this case residues at positions
A1 corresponded to statistical distribution (Lys: 21%, Ala: 21%,
Gly: 43%, Val: 15%). The situation was similar for the hits from
library L2 featuring surface amine residues. The selection of lysine
residues at position A5 and A7 was surprising in this case since N-
terminal amino groups might also engage in enaminone formation.
As for L1, random picking of beads from L2 gave a statistically
even representation of amino acids at positions A5 and A7 (6 beads,
Lys: 25%, His 21%, Arg: 31%, Asp: 23%).


The enolization probe 6 was assayed in aqueous bicine buffer
pH = 8.50 with 1% acetonitrile at 100 lM, under which conditions
it was fully soluble. The beads were first equilibrated with bicine
buffer, washed, and suspended in a freshly prepared solution
of probe 6. The beads were then plated out onto a silica gel
plate, which absorbed most of the solution and left each bead
well separated from the others as a free-standing microreactor.
Under these conditions the fluorescent product umbelliferone
(7) cannot diffuse away and remains inside the polymer bead,
ensuring that it can be detected by fluorescence. Library L1
gave no detectable fluorescent beads with this assay. This was
surprising, since ketone 6 reacts well with catalytic antibody 38C2
in an active site lysine specific reaction.14 Screening of library L2
featuring surface catalytic residues produced fluorescent beads,
which appeared slowly over the course of the first 40 min (Fig. 2).
The beads were picked and sequenced as above (Table 1). The
majority of active beads with probe 6 featured N-terminal proline


residues, in agreement with the known aldolase reactivity of N-
terminal prolyl peptides.4d Lysine was also often present.


The retro-aldolization probes 12 and 14 were tested at 100 lM
concentration in aqueous borate buffer pH 9 with 5% acetonitrile,
which are the conditions under which catalytic antibodies15 show
activity. The screening protocol for probe 6 above was used. None
of the beads gave any detectable reaction with these probes in
either of the libraries.


Aldol catalysis with peptide dendrimers


Hits from the combinatorial experiment were synthesized on Tent-
agel at 0.25 mmol g−1, deprotected and cleaved, and purified by
preparative HPLC (Table 2). The dendrimers were investigated for
catalysis of the aldol reaction of acetone with nitrobenzaldehyde 16
to give aldol 17 (Scheme 5).4 The reaction was first tested in organic
solvent (DMSO–acetone 4 : 1, v/v), typical for organocatalysis of
this reaction using 0.1 M aldehyde and 1 mM (1 mol%) peptide
dendrimer. While dendrimers from library L1 with core lysines
were not active, all the peptide dendrimers from library L2 were
catalytically active (Table 3). The four dendrimers containing N-
terminal proline residues (L2D1, L2D7, L2K4, L2K7) were clearly
more active than the others, and showed moderate enantioselec-
tivity (up to 61% ee for (R)-17 with dendrimer L2D1).


The dendrimers were also tested with acetone and aldehyde 17
under aqueous conditions (acetone–water 1 : 1, pH 8.5) mimicking
those of an enzyme-catalyzed reaction. While the dendrimers from
library L1 were again not active, the dendrimers from library L2
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Table 2 Yield and molecular weight of the synthesized peptide dendrimers from L1 and L2a


Origin Dendrimer Yield as TFA-salts/mg (%) Expected mass [M + H]+ Observed mass [M + H]+


Enaminone formation with 1a AcEY·RT·FK·SK L1D5 18 mg, 9% 5088.35 5088.38
AcRY·EY·FK·SK L1D6 21 mg, 10% 5444.65 5444.25
PK·PK·YL·IG L2D1 86 mg, 25% 4046.00 4045.88
EK·SKYA·FV L2D5 20 mg, 8% 3942.30 3942.12
SK·SK·YG·FG L2D6 33 mg, 13% 3846.15 3846.13
PK·ER·bAG·FV L2D7 19 mg, 7% 4064.36 4064.38


b-Eliminaton of ketone 2 PK·TH·TG·FV L2K4 11 mg, 4% 4060.28 4060.38
PK·SR· bAV.YL L2K7 28 mg, 10% 4010.42 4010.75
EK·ED·IG·YA L2K8 17 mg, 6% 4228.05 4228.50


a The peptide dendrimers were synthesized on NovasynTGR resin (200 mg, 0.25 mmol g−1) using Fmoc SPPS and were purified by RP-HPLC.


Table 3 Activities of the peptide dendrimers for the aldol reaction of acetone with nitrobenzaldehyde 16


Dendrimer Conditionsa Time/h Conversion (%)b ee (%)c


PK·PK·YL·IG L2D1 DMSO–acetone (4 : 1, v/v) 36 69 61
aq. buffer–acetone (1 : 1, v/v) 3 >99 <5


EK·SKYA·FV L2D5 DMSO–acetone (4 : 1, v/v) 36 <5 N.a.
aq. buffer–acetone (1 : 1, v/v) 3 14 N.a.


SK·SK·YG·FG L2D6 DMSO–acetone (4 : 1, v/v) 36 <5 N.a.
aq. buffer–acetone (1 : 1, v/v) 3 11 N.a.


PK·ER·bAG·FV L2D7 DMSO–acetone (4 : 1, v/v) 72 37 41
aq. buffer–acetone (1 : 1, v/v) 3 >99 <5


PK·TH·TG·FV L2K4 DMSO–acetone (4 : 1, v/v) 36 68 35
aq. buffer–acetone (1 : 1, v/v) 3 92 <5


PK·SR· bAV.YL L2K7 DMSO–acetone (4 : 1, v/v) 36 95 46
aq. buffer–acetone (1 : 1, v/v) 3 >99 <5


EK·ED·IG·YA L2K8 DMSO–acetone (4 : 1, v/v) 36 16 N.a.
aq. buffer–acetone (1 : 1, v/v) 3 34 <5


a Conditions: 100 mM aldehyde, 1 mM peptide dendrimer in the indicated solvent mixture. The aqueous buffer is bicine pH 8.5. The DMSO was buffered
x eq. of NMM (where x = number of TFA–amine salts for the dendrimer tested). b Conversion was measured by RP-HPLC at 254 nm. c Enantiomeric
excess of (R)-17 was determined by HPLC at 254 nm on a Daicel Chiralpak AS column.


Scheme 5 Direct aldol reactions investigated with aldolase peptide
dendrimers.


were active and showed much stronger activity than in organic
solvent, particularly for dendrimers with N-terminal proline
residues. With three dendrimers (L2D1, L2D7 and L2K7), the


aldol reaction with 1 mol% catalyst was complete in 60 min at room
temperature (>99% conversion), compared to 40–95% conversion
after 36 h in organic solvent (Table 3). Unfortunately, the reactions
were not enantioselective under these aqueous conditions.


The aldol reaction of dihydroxyacetone with 2-bromobenzal-
dehyde 18 to give aldol 19 was investigated next. Hydroxyke-
tones are typical substrates for enzyme-catalyzed transaldolase
processes.1 The reaction was carried out under aqueous conditions
(MeOH–water 1 : 1, pH 8.5) using 0.1 M aldehyde, 5 M dihydro-
xyacetone and 1 mM (1 mol%) peptide dendrimer.20 The L1
dendrimers were once more inactive. However, the L2 dendrimers
showed good to moderate activity for this aldol reaction (Table 4).
In fact, only the dendrimers derived from screening with enoliza-
tion probe 2 showed significant activity, while those identified with
the 1,3-diketone probe 1a were only weakly active. There was no
significant diastereoselectivity.


The dihydroxyacetone aldolase reactivity of the selected den-
drimers L2K4, L2K7 and L2K8 might be a general-base type
reactivity which is much weaker in the other dendrimers. Indeed,
we showed recently that aldol reactions of dihydroxyacetone in
water are catalyzed by general bases not capable of enamine
formation such as N-methylmorpholine, while typical enamine-
forming catalysts such as L-proline are poor catalysts for this
substrate.14


The selection of dihydroxyacetone aldolase reactive dendrimers
during library screening with probe 6 could not be traced back to a
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Table 4 Activities of the peptide dendrimers for the aldol reaction of
dihydroxyacetone with bromobenzaldehyde 18.a Dendrimers L1D5 and
L1D6 were not active for this reaction


Dendrimer Conversion (%)b (anti : syn)ratiob


PK·PK·YL·IG L2D1 7 (1.0 : 1.0)
EK·SK·YA·FV L2D5 8 (1.0 : 1.5)
SK·SK·YG·FG L2D6 16 (1.0 : 1.3)
PK·ER·bAG·FV L2D7 <5 (n.a. : n.a.)
PK·TH·TG·FV L2K4 40 (1.0 : 1.4)
PK·SR· bAV.YL L2K7 74 (1.0 : 1.5)
EK·ED·IG·YA L2K8 36 (1.0 : 1.8)


a Conditions: 5 M dihydroxyacetone, 100 mM aldehyde, 1 mM peptide
dendrimer in methanol–aq. bicine buffer pH 8.5 (1 : 1, v/v) 66 h,
room temperature. b Conversion and diastereomeric excess of syn-19 was
measured by RP-HPLC at 254 nm.


specific reactivity with this probe. Indeed, all dendrimers catalyzed
the fluorogenic reaction of probe 6 (see the ESI). Although the
three dendrimers derived from the screening with 6 are the most
reactive, the difference is less than 2-fold and is not sufficient
to explain their reactivity with dihydroxyacetone. Probe 6 shows
relatively low KM values with the dendrimers, which probably
indicates hydrophobic substrate–dendrimer interactions. These
interactions should be much weaker or even absent with the more
polar dihydroxyacetone, resulting in a more differentiated behavior
of the dendrimers with this substrate.


Cyclohexanone, which was recently shown to be an excellent
substrate for organocatalyzed aldolization,4f was investigated
as a third substrate (Table 5). In this case dendrimer L1D5
(AcEY·RT·FK·SK), equipped with catalytic lysine residues at the
dendrimer core, was catalytically active, but showed no stereose-


lectivity. Very high conversions were also observed with dendrimer
L2K8 (EK·ED·IG·YA) featuring only primary amines as possible
catalytic groups, namely the lysine side chains and the N-terminal
amino groups. The reactions showed moderate diastereo- and
enantioselectivities. These results were surprising to us because
of the lack of activity with acetone with these dendrimers under
the same conditions, suggesting a substrate specific interaction
with the ketone, which might originate from hydrophobic binding
of the cyclohexanone as compared to acetone.


Cyclohexanone is not miscible with water, allowing this aldol
reaction to be run as an emulsion, conditions which seem
to be favorable for stereoselective organocatalysis as suggested
by recent reports.4h The peptide dendrimers might form mi-
celles under these conditions in which the reaction takes place.
The most promising dendrimer L1D5, L2D1 and L2K8 were
studied in water–cyclohexanone emulsion. Indeed, we observed
enantiomeric excess in the aldol product under these aqueous
conditions with dendrimer L2K8 displaying multiple primary
amines. On the other hand, dendrimer L1D5 with core lysines
showed negligible stereoselectivity.


Mechanistic investigations
The mechanism of the aldol reaction of acetone and cyclohex-


anone with aldehyde 16 was investigated. Four of the most active
aldolase dendrimers (L2D1, L2D7, L2K4 and L2K7) featured an
N-terminal Pro–Lys dyad. This catalytic dyad was therefore used
to prepare a regular dendritic series R2 of increasing generation
number to investigate a possible dendritic effect in catalysis.
A regular dendrimer series R1 featuring the known4l catalytic
dipeptide Pro–Thr in its branches was also prepared (Table 6).
All dendritic peptides of the regular series R1 and R2 were


Table 5 Activities of the peptide dendrimers for the aldol reaction of cyclohexanone with nitrobenzaldehyde 16 in DMSO and aqueous buffera


DMSO Aqueous buffer (pH 8.5)


Catalyst/dendrimer Conversiona ,b (anti : syn ratio) eeb (anti/syn, %) Conversionc ,b (anti : syn ratio) eeb (anti/syn, %)


L-Prolined 95 (1.4 : 1.0) 70/80
AcEY·RT·FK·SK L1D5 32 (1.0 : 2.2) 14/18 32 (2.2 : 1.0) 5/8
AcRY·EY·FK·SK L1D6 18 (1.0 : 1.3) <5/<5
PK·PK·YL·IG L2D1 96 (1.0 : 2.0) 40/12 94 (1.6 : 1.0)e 12/12
SK·SK·YG·FG L2D6 97 (1.5 : 1.0) 22/16
PK·TH·TG·FV L2K4 26 (1.0 : 1.9) 64/24
PK·SR· bAV.YL L2K7 88 (1.0 : 1.5) 14/16
EK·ED·IG·YA L2K8 98 (1.0 : 2.4) 50/28 54 (1.9 : 1.0) 65/45


a Conditions: 100 mM aldehyde, 1 mM peptide dendrimer in DMSO–cyclohexanone (1 : 1, v/v) buffered with x eq. of NMM (where x = number of
TFA–amine salts for the dendrimer tested), 18 h, room temperature. b Conversion and diastereomeric excess of 20 was measured by RP-HPLC at 268 nm.
Enantiomeric excess of anti-20 and syn-20 respectively were measured by chiral phase HPLC at 268 nm on a ChiralPak OD-H column. c Conditions:
100 mM aldehyde, 1 mM peptide dendrimer in cyclohexanone–aq. bicine buffer pH 8.5 (1 : 1, v/v) 4 d, room temperature. d 30 mol% catalyst was used.
e Reaction time 18 h.


Table 6 Yield and molecular weight for synthesis of the regular series R1 and R2a


Origin Dendrimer Yield (as TFA-salts) (mg, %) Expected mass [M + H]+ Observed mass [M + H]+


Regular series Pro–Thr R1 PT·PT R1G1 7 mg, 79% 696.78 697.38
PT·PT·PT R1G2 15 mg, 78% 1661.84 1661.88
PT·PT·PT·PT R1G3 14 mg, 26% 3591.97 3591.84


Regular series Pro–Lys R2 PK·PK R2G1 9 mg, 85% 777.99 778.50
PK·PK·PK R2G2 17 mg, 58% 1851.32 1851.33
PK·PK·PK·PK R2G3 18 mg, 20% 3997.99 3998.00


a The peptide dendrimers were synthesized on NovasynTGR resin (200 mg, 0.25 mmol g−1) using Fmoc SPPS and were purified by RP-HPLC.
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Table 7 Activities of the regular series of peptide dendrimers for the aldol reaction of acetone and cyclohexanone with nitrobenzaldehyde 16


Dendrimer Conditionsa Time/h Conversion (%)b ee (%)c


PT R1G0 DMSO–acetone (4 : 1, v/v) 36 20 N.a.
aq. buffer–acetone (1 : 1, v/v) 3 15 <5


PT·PT R1G1 DMSO–acetone (4 : 1, v/v) 36 80 44
aq. buffer–acetone (1 : 1, v/v) 3 68 <5


PT·PT·PT R1G2 DMSO–acetone (4 : 1, v/v) 36 >99 20
aq. buffer–acetone (1 : 1, v/v) 3 >99 <5
DMSO–cyclohexanone (1 : 1, v/v) 18 16 (1.3 : 1.0) 54/26


PT·PT·PT·PT R1G3 DMSO–acetone (4 : 1, v/v) 36 >99 34
aq. buffer–acetone (1 : 1, v/v) 3 >99 <5
DMSO–cyclohexanone (1 : 1, v/v) 18 26 (1.4 : 1.0) 59/20


PK R2G0 DMSO–acetone (4 : 1, v/v) 36 8 N.a.
aq. buffer–acetone (1 : 1, v/v) 3 14 <5
DMSO–cyclohexanone (1 : 1, v/v) 18 <5 N.a.
aq. buffer–cyclohexanone (1 : 1, v/v) 2 <5 N.a.


PK·PK R2G1 DMSO–acetone (4 : 1, v/v) 36 27 52
aq. buffer–acetone (1 : 1, v/v) 3 41 <5
DMSO–cyclohexanone (1 : 1, v/v) 18 <5 N.a.
aq. buffer–cyclohexanone (1 : 1, v/v) 2 <5 N.a.


PK·PK·PK R2G2 DMSO–acetone (4 : 1, v/v) 36 87 49
aq. buffer–acetone (1 : 1, v/v) 3 93 <5
DMSO–cyclohexanone (1 : 1, v/v) 18 32 (1.0 : 2.2) 46/8
aq. buffer–cyclohexanone (1 : 1, v/v) 2 43 (2.1 : 1.0) 2/16


PK·PK·PK·PK R2G3 DMSO–acetone (4 : 1, v/v) 36 81 60
aq. buffer–acetone (1 : 1, v/v) 3 >99 <5
DMSO–cyclohexanone (1 : 1, v/v) 18 56 (1.0 : 2.5) 40/22
aq. buffer–cyclohexanone (1 : 1, v/v) 2 96 (1.2 : 1.0) 30/22


a Conditions: 100 mM aldehyde, 1 mM peptide dendrimer in the indicated solvent mixture. The aqueous buffer is bicine pH 8.5, room temperature. The
DMSO was buffered x eq. of NMM (where x = number of TFA–amine salts for the dendrimer tested). b For aldol 17: conversion was measured by
RP-HPLC at 254 nm; for aldol 20: conversion and anti : syn ratio were measured by RP-HPLC at 268 nm. c For aldol 17: enantiomeric excess of (R)-17
was determined by HPLC at 254 nm on a Daicel Chiralpak AS column; for aldol 20: enantiomeric excess of anti-20 and syn-20 were determined by HPLC
at 268 nm on a Daicel Chiralpak OD–H column.


catalytically active in both organic solvent and aqueous conditions
with diastereo- and enantioselectivities comparable to those of the
library-derived dendrimers (Table 7). The R1 (Pro–Thr) series was
more active with acetone, while in the case of cyclohexanone the
R2 (Pro–Lys) series was more active, in agreement with the fact
that dendrimers from library L1 with core active site lysine residues
showed activity with this ketone.


The catalytic mechanism of the peptide dendrimer-catalyzed
aldol reactions with acetone and cyclohexanone should involve
enamine formation. Reductive alkylation of amino groups was
investigated with dendrimer R2G3 featuring both N-terminal
proline residues and core lysine residues. Incubation with acetone
and NaBH4 under the reaction conditions produced N-isopropyl
derivatives of the dendrimer. 1H NMR analysis showed that four
N-terminal prolines were alkylated in R2G3, as indicated by the
integral ratio between the two different a-H (11 : 4, proline–N-
isopropyl proline) and the appearance of a signal at ca. 1.2 ppm
corresponding to the isopropyl group. The formation of the im-
minium intermediate between acetone and the N-terminal proline
under the reaction conditions supports an enamine mechanism
for catalysis.14 A small extent of alkylation at lysine residues was
also observed. Nevertheless, an enamine at the e-amino group of
lysine is probably not significant with acetone because lysine itself
is not an efficient aldolase catalyst for acetone.


The activity data shows that acetone aldol catalysis is most
efficient with N-terminal proline residues, while cyclohexanone
reacts preferentially with primary amino groups, as in the case
of dendrimers L1D5, L2D6 and L2K8. Incubation of N-a-acetyl-


L-lysine with cyclohexanone in water and subsequent reduction
with NaBH4 gave approximately 50% alkylation of the e-amino
group. The same experiment with L-proline gave approximately
75% alkylation of the pyrrolidine nitrogen. A similar alkylation
experiment was attempted with dendrimer L1D5, however due to
the complexity of the 1H NMR spectrum it was not possible to
estimate the extent of alkylation. Nevertheless, N-alklyation of
both lysine and proline with cyclohexanone is consistent with an
enamine mechanism for both primary-amine and proline-based
catalysts, including our peptide dendrimers.


The reactions under aqueous conditions were followed by
HPLC to obtain a precise measure of catalytic efficiency (Fig. 3).
In the case of acetone, the activity per N-terminal proline residue
increased strongly with dendrimer size in the regular series R1 and
R2 up to the second generation dendrimers with four N-terminal
residues, with a stronger activity in the R1 (Pro–Thr) series
(Fig. 4A). Although the G3 dendrimers were slightly less active per
N-terminal residue than the G2 dendrimers, there was a further
increase in activity per N-terminal residue in the library derived G3
dendrimers L2D1 (PK·PK·YL·IG) and L2K7 (PK·SR·bAV·YL)
relative to the related regular series R2 (Pro–Lys). Dendrimer
L2K7 was even more active than R1G2 of the Pro–Thr series.
The higher activity of these library derived dendrimers suggests
that the hydrophobic core residues present in both dendrimers
play a role in enhancing catalysis.


The rate data for the dendritic series R2 was also investigated
with cyclohexanone since lysine containing dendrimers were
particularly active with this substrate (Fig. 3B and 4B). In this
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Fig. 3 (A) Plot of concentration of 17 versus time in the peptide dendrimer catalyzed direct aldol reaction of 16 with acetone. Conditions: 100 mM
aldehyde 16, 1 mM dendrimer in acetone–aq. bicine buffer pH = 8.5 (1 : 1, v/v). Reaction was followed by RP-HPLC at 254 nm. (B) Plot of concentration
of 20 versus time in the peptide dendrimer catalyzed direct aldol reaction of 16 with cyclohexanone. Conditions: 100 mM aldehyde 16, 1 mM dendrimer
in aq. bicine buffer pH = 8.5–cyclohexanone (1 : 1. v/v). Reaction was followed by RP-HPLC at 268 nm.


Fig. 4 (A) Rate of aldol product 17 formation per N-terminal proline versus number of N-terminal prolines in the regular series R1 and R2 and catalytic
peptide dendrimers L2K7 and L2D1. Conditions are as in Fig. 3A. (B) Rate of aldol product 20 formation per N-terminal proline versus number of
N-terminal prolines in the regular series R1 and R2 and catalytic peptide dendrimers L2K7 and L2D1. Conditions are as in Fig. 3B.


case a positive dendritic effect in catalysis occurred up to the
third generation dendrimer R2G3, which had similar activity to
L2D1, the most active dendrimer under water emulsion conditions
with cyclohexanone. It should be noted that with cyclohexanone,
dendrimer R2G1 (featuring three core lysine residues and two N-
terminal prolines) was less active (<5% conversion, Table 7) than
the library derived dendrimer L1D5 with three core lysine residues
(32% conversion, Table 5), highlighting the particular activity of
the library-derived dendrimer.


Modulation of the pKa of the N-terminal proline in the
dendrimers might influence catalytic activity and thus explain the
positive dendritic effect observed in aldol catalysis. For example,
hydroxyproline, with a pKa of 9.73 for the pyrrolidine, is more effi-
cient than proline (pKa = 10.60) for aldol catalysis under aqueous
conditions.14 However, the apparent pKa of the N-terminal proline
residues was found to be largely independent of dendrimer size,
and decreased from pKa = 8.43 in the Pro–Thr–NH2 dipeptide
R1G0 to pKa = 8.13 in dendrimer R1G3 (Fig. 5). The much lower
pKa value for the N-terminal prolinamide compared to free proline
(pKa = 10.60) can be explained by the change from carboxylate
to carboxamide, which removes the electrostatic component


Fig. 5 Acid–base titration of peptide dendrimers R1G0–R1G3 at equimo-
lar concentration with respect to N-terminal prolines. pKa values obtained:
R1G0: 8.43, R1G1: 8.39, R1G2: 8.21 and R1G3: 8.13.


stabilizing the protonated pyrrolidine in free proline. However,
considering that R1G0 (Pro–Thr–NH2) catalyzes the aldol only
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slightly better than L-Proline, the small downward shift in pKa


between R1G0 (Pro–Thr) and R1G3 cannot explain the increased
aldolase activity in higher generation peptide dendrimers.


We propose that the positive dendritic effect observed in al-
dolase catalysis is caused by a hydrophobic effect either increasing
substrate binding or shifting the imine formation equilibrium
towards the reactive enamine, which both would be favorable for
catalysis. Such an effect might also explain the enhanced reactivity
of the library derived dendrimers L2D1 and L2K7 which both
feature a strongly hydrophobic core in comparison to the regular
series dendrimers R1 and R2. The results obtained could also
indicate bifunctional catalysis, with a free amino group involved
in enamine formation being assisted by another protonated amino
group for activation of the aldehyde towards aldolization. The fact
that only four alkylated prolines were observed in the iminium
trapping experiment corroborates this assumption. Bifunctional
catalysis is an accepted hypothesis for the proline catalyzed aldol
reaction supported by computational studies indicating that H-
bonding activation of the aldehyde electrophile may lower the
activation barrier for aldol addition by as much as 17 kcal mol−1.21


Conclusion


Peptide dendrimer libraries were screened for aldolase reactivity
using four different probes, including the 1,3-diketone 1a suitable
for enaminone formation with enamine reactive side chains,
the fluorogenic coumarin ether of dihydroxyacetone 6 selective
for enolization, and the two known retro-aldolase fluorogenic
substrates 12 and 14. Library L1, with core active-site lysines gave
positive hits with diketone 1a. Library L2 with catalytic residues
at the surface gave positive hits with diketone 1a and with probe
6. Most hit sequences showed N-terminal proline residues.


Peptide dendrimers selected from library L1 showed aldolase
activity with nitrobenzaldehyde and cyclohexanone as substrates.
The activity must be attributed to primary amines from lysine
side-chains at the dendrimer core since these are the only
aldolase catalytic groups available. Peptide dendrimers selected
from library L2 catalyzed the aldol reaction of nitrobenzaldehyde
with both acetone and cyclohexanone, under organic or aqueous
conditions. Aldol (S)-17 was formed from acetone with 61% ee
with dendrimer L2D1 (PK·PK·YL·IG) in DMSO, and anti-20
was formed from cyclohexanone with 65% ee with dendrimer
L2K8 (EK·ED·IG·YA) in water–cyclohexanone mixture. In the
case of acetone, the reaction was much faster in water (complete
conversion in 3 h at 25 ◦C with 1 mol% catalyst) but not
enantioselective. Dendrimers selected with the enolization probe 6
also showed good activity with dihydroxyacetone as the substrate,
which was not found in any of the other dendrimers in the study.
The reaction with dihydroxyacetone presumably involves general-
base reactivity via an enolate intermediate.


The reactions with acetone and cyclohexanone involve an
enamine intermediate, as evidenced by reductive trapping of
the imminium with NaBH4. Dendritic effects in catalysis were
investigated using regular series dendrimers featuring the catalytic
dyad Pro–Lys (R2) and Pro–Thr (R1) with increasing generation
number. A positive dendritic effect was observed with both
acetone (maximum activity per N-terminal proline residue with
2nd generation dendrimer R1G2) and cyclohexanone (maximum
activity per free amino-group with 3rd generation dendrimer


R2G3). The effect might be caused by the macromolecular nature
of the peptide dendrimer as enzyme model, such as a hydrophobic
microenvironment in the larger dendrimers favoring substrate
binding and/or enamine formation, or by bifunctional catalysis.


The present study clearly points to the pyrrolidine ring as the
residue of choice for catalyzing acetone aldolizations, and primary
amines (either N-termini or lysine side-chains) for catalyzing
cyclohexanone aldolizations in the peptide dendrimer enzyme
model. The multivalent dendritic display is advantageous for
catalytic efficiency, as evidenced by the positive dendritic effect
on reaction rates observed in regular peptide dendrimer series of
increasing generation number. On the other hand, the presence
of multiple, stereochemically non-equivalent catalytic sites might
be deleterious for obtaining stereoselectivity. Future experiments
towards aldolase peptide dendrimer enzyme models will use
analogs of library L1 with a single core catalytic residue containing
either a primary amine for cyclohexanone aldolization, or a
pyrroldine for reactions with acetone.


Experimental section


General


Reagents were purchased in the highest quality available from
Fluka, Sigma, Bachem, Novabiochem, NeoMPS or Aldrich.
All solvents used in reactions were bought in p.a. quality or
distilled and dried prior to use. Solvents for extractions were
distilled from technical quality. Sensitive reactions were carried
out under nitrogen or argon, the glassware being heated under
HV. Chromatographic purifications (flash) were performed with
silica gel 60 from Merck or Fluka (0.04 ± 0.063 nm; 230 ±
400 mesh ASTM). Preparative RP-HPLC (flow rate 100 mL min−1)
was performed with a Waters Delta Prep 4000 system with a
Waters Prepak Cartridge (500 g) as column and Waters 486
Tunable Absorbance Detector. Semi-preparative RP-HPLC (flow
rate 4 mL min−1) was performed with a Water 510 Pump operated
with a Waters Automated Gradient Controller and Jasco VU-
2075 Plus Detector on a Vydac 218 TP (1.0 × 25 cm) column.
Analytical RP-HPLC was performed on Waters 600E systems with
a Waters Atlantis (4.6 mm × 100 mm, dC18, 5 lm) column, UV
detection with Waters 996 photodiode array detector). Eluents
for all systems were: A: water and 0.1% TFA; D: acetonitrile,
water and TFA (3/2/0.1%). TLC monitoring was performed
with Alugram SIL G/UV254 silica gel sheets (Macherey-Nagel),
followed by coloration with cerium solution (10.5 g Ce(IV)sulfate,
21 g phosphomolybdic acid, 60 mL conc. H2SO4 in 900 mL
water), anisaldehyde stain and heating or observation under
a UV lamp. MS and HRMS analyses were provided by the
mass spectrometry service of the Department of Chemistry and
Biochemistry, University of Berne. 1H and 13C NMR spectra were
recorded on Bruker AC 300 (300 MHz) and DRX 500 or Avance
500 (500 MHz) instruments. Chemical shifts d are given in ppm,
coupling constants (J) in Hertz (Hz).


6-(4-Nitro-phenyl)hexane-2,4-dione (2)2a


To a solution of acetyl acetone (750 lL, 7.30 mmol) (freshly
distilled) in dried THF (5 mL) was added under N2 at room
temperature a commercial solution of LDA (2N, 7.5 mL) The
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solution was warmed to 40 ◦C for 1 h. After cooling to −78 ◦C
4-nitrobenzyl bromide (1.50 g, 7.30 mmol) in HMPA (5 mL)
was added dropwise via a syringe. The reaction was stirred for
at −78 ◦C and followed by TLC. The solution was quenched
carefully with water and evaporated to dryness, taken up in
CH2Cl2, extracted with 1 N HCl, brine and water, dried (MgSO4)
and flash chromatographed using hexane–ethyl acetate (2 : 1) to
give the title compound (673 mg, 40%). Rf = 0.26 (n-hexane–ethyl
acetate (2 : 1)). 1H NMR (300 MHz, CDCl3) enol d = 15.25 (s,
1H), 8.13 (d, 2H, J = 8.67 Hz), 7.33 (s, 2H, J = 8.67 Hz), 5.49 (s,
1H), 3.05 (t, 2H, J = 7.63 Hz), 2.68 (t, 2H, J = 7.63 Hz), 2.08 (s,
3H) ppm. FAB MS(+): m/z 236 (M+ + 1).


Succinic acid mono-(2-{ethyl-[4-(4-
nitrophenylazo)phenyl]amino}ethyl) ester (5)22


To a solution of Disperse Red 1 4 (200 mg, 0.636 mmol), Et3N
(117 lL, 0.837 mmol) and DMAP (8 mg, 0.0646 mmol) in CH2Cl2


(8 mL) was added succinic acid anhydride (76 mg, 0.761 mg).
The reaction was followed by TLC. After stirring overnight the
solution was evaporated to dryness and the residue was purified
by flash chromatography (CH2Cl2–MeOH (20 : 1), 0.1% AcOH)
yielding 5 as a red solid (86 mg, 33%). Rf = 0.18 (CH2Cl2–MeOH
(20 : 1), 0.1% AcOH). 1H NMR (300 MHz, CDCl3) d = 8.33 (d,
2H, J = 9.05 Hz), 7.93 (dd, 4H, J = 6.60, 8.95 Hz), 6.81 (d, 2H, J =
9.24 Hz), 4.34 (t, 2H, J = 6.40 Hz), 3.71 (t, 2H, J = 6.22 Hz), 3.54
(q, 2H, 7.16 Hz), 2.71–2.55 (m, 4H), 1.32 (t, 3H, J = 6.97 Hz) ppm.
ESI MS(+): calcd for [M + H]+ C20H23N4O6


+ 415.42, found 415.20.


N-[4-(3,5-Dioxohexyl)phenyl]succinamic acid
2-{ethyl-[4-(4-nitrophenylazo)phenyl]amino}ethyl ester (1a)


The diketone 2 was dissolved in CH2Cl2 and Pd/C (10 mole%) was
added and the solution was degassed with N2 three times. H2 was
bubbled through the solution for 1 min and the solution was stirred
under H2 (atm) for 2 h. The reaction was followed by TLC. The
solution was filtered through celite and evaporated to give the
crude amine 3 which was used directly for the next coupling step.
A solution of amine 3 was taken up in CH2Cl2 and EDC, HOBt
and 5 was added at 0 ◦C. The solution was stirred for 2 h at 0 ◦C and
then it was allowed to warm up to room temperature overnight.
The reaction was followed by TLC. An aqueous workup (1 N
HCl, 10% NaHCO3 and brine successively), following by drying
with MgSO4, evaporation and flash chromatography (CH2Cl2–
MeOH (40 : 1 v/v)) yielded the title compound as a red solid
(39 mg, 95%). M.p. = 125–127 ◦C. Rf = 0.21 (CH2Cl2–MeOH
(20 : 1). IR (neat) m̃ = 3320, 2899, 2360, 1727, 1667, 1589, 1515,
1411, 1387, 1335, 1313, 1160, 1139, 1106, 998, 858, 821 cm−1. 1H
NMR (300 MHz, CDCl3) enol d = 15.35 (s, 1H), 8.33 (d. 2H,
J = 9.04 Hz), 7.81 (dd, 4H, J = 7.15, 9.04 Hz), 7.35 (d, 2H, J =
8.10 Hz), 7.04 (d, 2H, J = 8.1 Hz), 6.67 (d, 2H, J = 9.24 Hz), 5.39
(s, 1H), 4.22 (t, 2H, J = 6.21 Hz), 3.62 (t, 2H, J = 6.21 Hz), 3.47
(m, 2H), 2.85–2.78 (m, 2H), 2.71–2.62 (m, 2H), 2.59–2.52 (m, 2H),
2.51–2.44 (m, 2H), 1.99 (s, 3H), 1.23 (t, 3H, J = 6.74 Hz) ppm.
13C NMR (300 MHz, CDCl3) enol d = 193.4, 172.9, 169.8, 169.3,
156.7, 151.3, 147.5, 147.5, 143.8, 137.1, 128.8, 126.3, 124.7, 122.7,
119.9, 111.5, 100.1, 61.7, 55.6, 48.7, 45.7, 39.9, 32.5, 31.8, 29.3,
12.3 ppm. ESI MS(+): calcd for [M + H]+ C32H36N5O7


+ 602.26,
found 602.46.


7-(Allyloxy)-2H-chromen-2-one (8)


A solution of umbelliferone 7 (810 mg, 5.00 mmol), allyl bromide
(360 lL, 4.2 mmol) and potassium carbonate (690 mg, 5.00 mmol)
in acetone (50 mL) was stirred overnight at reflux. The reaction
mixture was evaporated to dryness and the residue taken up in
ethyl acetate (50 mL). The organic phase was extracted with 1 N
NaOH (50 mL) and brine (50 mL), dried (Na2SO4) and evaporated
to yield a white solid (yield 950 mg, 85%). M.p. = 78–82 ◦C. Rf =
0.42 (n-hexane–ethyl acetate (2 : 1)). IR (neat) m̃ = 3081, 1712, 1710,
1603, 1600, 1557, 1511, 1424, 1398, 1367, 1354, 1283, 1225, 1208,
1124, 1012, 994, 940, 892, 856, 838 cm−1. 1H NMR (300 MHz,
CDCl3) d = 7.59 (d, J = 9.4 Hz, 1H), 7.39 (d, J = 8.5 Hz, 1H),
6.74 (dd, J = 2.45, 8.48 Hz, 2H), 6.76 (d, J = 2.5 Hz, 1H), 6.17
(d, J = 9.4 Hz, 1H), 5.96 (m, 1H), 5.35 (ddd, J = 1.3, 2.6 Hz,
17.2, 1H), 5.30 (ddd, J = 1.5, 3.0, 10.6 Hz, 1H), 4.51 (dt, J = 1.4,
5.3 Hz, 2H) ppm. 13C NMR (300 MHz, CDCl3) d = 162.5, 161.8,
156.6, 144.0, 132.8, 129.4, 119.2, 113.9, 113.8, 102.4, 70.0 ppm.
ESI MS(+): calcd for [M + H]+ C12H11O3


+ 203.07, found 203.03.


7-(2,3-Dihydroxypropoxy)-2H-chromen-2-one (9)


To a solution of 8 (800 mg, 4.00 mmol) in tert-butanol–water
mixture (40 mL, 2 : 1), was added N-methylmorpholine-N-oxide
(703 mg, 6.00 mmol) and a solution of osmium tetroxide (2.5%
in tert-butanol, 0.3 mL). After stirring overnight, sodium sulfite
solution 10% (30 mL) was added and the aqueous layer was
extracted with EtOAc. The combined organic layers were washed
with brine and dried over MgSO4. After purification on silica gel
(n-hexane–ethyl acetate (2 : 3)), the desired diol 9 was obtained
as a white solid (890 mg, 95%), m.p. = 118–122 ◦C. Rf = 0.17 (n-
hexane–ethyl acetate (2 : 3)). IR (neat) m̃ = 3309, 3065, 2939, 1698,
1618, 1606, 1550, 1508, 1398, 1294, 1236, 1138, 1118, 1102, 1054,
1036, 1002, 944, 885, 837 cm−1. 1H NMR (300 MHz, CD3OD) d =
7.79 (d, J = 9.4 Hz, 1H), 7.58 (d, J = 8.7 Hz, 1H), 7.02 (dd, J =
2.5, 8.7 Hz, 1H), 6.96 (d, J = 2.7 Hz, 1H), 6.26 (d, J = 9.4 Hz,
1H), 3.96 (dd, J = 6.26, 11.1 Hz, 1H), 3.40 (m, 1H), 2.95 (m,
1H), 2.80 (m, 1H) ppm. 13C NMR (300 MHz, CD3OD) d = 162.0,
161.5, 156.1, 143.9, 129.4, 113.7, 113.3, 113.2, 102.0, 69.7, 50.2,
44.9 ppm. ESI MS(+): calcd for [M + Na]+ C12H10O5Na+ 259.06,
found 259.00.


7-(2-Hydroxypropoxy-3-tert-butyldimethylsilyloxy)-2H-chromen-
2-one (10)


The diol 9 (890 mg, 3.9 mmol) was dissolved in dichloromethane–
dimethylformamide (3 : 1) (50 mL), tert-butyldimethyl silyl
chloride (570 mg, 3.7 mmol) and imidazole (385 mg, 5.7 mmol)
were added and the mixture was stirred overnight. After addition
of dichloromethane (50 mL) and water (100 mL) the organic phase
was dried (Na2SO4) and evaporated to dryness. The residue was
purified by flash chromatography n-hexane–ethyl acetate (2 : 1) to
give 10 (yield 533 mg, 58%) as an oil. Rf = 0.67 (n-hexane–ethyl
acetate (2 : 1)). IR (neat) m̃ = 3320, 2928, 2856, 1725, 1712, 1612,
1556, 1507, 1471, 1404, 1349, 1292, 1279, 1249, 1238, 1197, 1105,
1027, 937, 824, 775 cm−1. 1H NMR (500 MHz, CDCl3) d = 7.59
(d, J = 9.5 Hz, 1H), 7.32 (d, J = 8.5 Hz, 1H), 6.79 (dd, J = 2.40,
8.50 Hz, 1H), 6.75 (d, J = 2.4 Hz, 1H), 6.12 (d, J = 9.50 Hz, 1H),
3.96 (m, 3H), 3.68 (m, 3H), 0.80 (s, 9H), −0.03 (s, 6H) ppm. 13C
NMR (500 MHz, CDCl3) d = 143.7, 129.2, 113.8, 113.2, 102.1,
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70.3, 69.4, 63.9 ppm. ESI MS(+): calcd for [M + H]+ C18H27O5Si+


351.16, found 351.11.


7-(2-Oxopropoxy-3-tert-butyldimethylsilyloxy)-2H-chromen-2-
one (11)


To oxalyl chloride (240 lL, 3.2 mmol) in dry CH2Cl2 (5 mL) at
−78 ◦C was added dry dimethyl sulfoxide (410 lL, 5.8 mmol).
After 15 min 10 (450 mg, 1.29 mmol) was added and the mixture
was stirred for 1 h at −78 ◦C. Triethylamine (1170 lL, 8.39 mmol)
was added and the mixture was stirred for 1.5 h. The reaction
mixture was warmed to rt and quenched with sat. NH4Cl (20 mL).
The mixture was extracted with CH2Cl2 (3 × 20 mL) and the
organic phase was dried (Na2SO4), concentrated in vacuo and flash
chromatographed (n-hexane–ethyl acetate, 2 : 1) to yield 11 as an
oil (350 mg, 78%). Rf = 0.60 (n-hexane–ethyl acetate (2 : 1)). IR
(neat) m̃ = 2928, 2856, 1725, 1608, 1508, 1424, 1402, 1348, 1277,
1232, 1109, 1055, 995, 893, 833, 775 cm−1. 1H NMR (500 MHz,
CDCl3) d = 7.50 (d, J = 9.4 Hz, 1H), 7.26 (d, J = 8.7 Hz, 1H), 6.74
(dd, J = 2.50, 8.70 Hz, 1H), 6.59 (d, J = 2.50 Hz, 1H), 6.14 (d, J =
9.60 Hz, 1H), 4.85 (s, 2H), 4.26 (s, 2H), 0.82 (s, 9H), −0.01 (s,6H)
ppm. 13C NMR (500 MHz, CDCl3) d = 204.9, 161.3, 161.2, 156.1,
143.6, 129.4, 114.1, 113.3, 102.0, 26.1, 18.6, 14.6, −5.2 ppm. ESI
MS(+): calcd for C18H25O5Si+ [M + H]+ 349.15 found 349.08.


7-(3-Hydroxy-2-oxopropoxy)-2H-chromen-2-one (6)


A solution of 11 (40 mg, 0.115 mmol) in TFA–H2O (9 : 1) (10 mL)
was stirred for 1 h. The TFA–H2O mixture was evaporated under
high vacuum to yield an oily film which was taken up in H2O–
CH3CN (85 : 15) (50 mL) and purified directly using preparative
RP-HPLC (RP-HPLC conditions: H2O–CH3CN (85 : 15) with
0.1% TFA to H2O–CH3CN (50 : 50) in 70 min, k = 254 nm and
flow rate = 100 mL min−1) to yield 6 (9 mg, 33%). M.p. 138–142 ◦C.
Rf = 0.31 (n-hexane–ethyl acetate (2 : 1)). IR (neat) m̃ = 3422, 2922,
1699, 1615, 1558, 1507, 1418, 1400, 1353, 1283, 1230, 1158, 1123,
1010, 985, 836, 815 cm−1. 1H NMR (500 MHz, d6-acetone) d =
7.78 (d, 1H, J = 9.60 Hz), 7.49 (d, 1H, J = 8.67 Hz), 6.84 (dd, 1H,
J = 2.45, 8.67 Hz), 6.09 (d, 1H, J = 9.42 Hz), 4.99 (s, 2H), 4.31
(s, 2H) ppm. 13C NMR (500 MHz, d6-acetone) d = 206.2, 161.4,
160.6, 155.6, 144.6, 129.8, 113.1, 113.0, 101.7, 80.9, 66.1 ppm. ESI
MS(+): calcd for C12H11O5


+ [M + H]+ 235.0606 found 235.0605.


4-(4-Nitrophenyl)-4-hydroxybutan-2-one (17)4a


Catalysis in water. 50 lL of a 200 mM solution of 4-nitro-
benzaldehyde in acetone and 50 lL of a 2 mM dendrimer catalyst
solution in 100 mM aqueous bicine buffer pH = 8.5 was shaken in
an Eppendorf R© PP-tube for 2–3 h. Final concentrations: 100 mM
aldehyde and 1 mM catalyst. 10 lL aliquots of the reaction mixture
were diluted with 100 lL A and injected on analytical RP-HPLC
running isocratic 66% A, 34% D.


Catalysis in DMSO. 50 lL of a 200 mM solution of 4-nitro-
benzaldehyde in DMSO–acetone (4 : 1, v/v) and 50 lL of a 2 mM
dendrimer solution in DMSO–acetone (4 : 1, v/v) buffered with
x eq. of NMM (where x = number of TFA–amine salts for the
dendrimer tested) was shaken in an Eppendorf R© PP-tube for 36–
72 h. Final concentrations: aldehyde 100 mM, catalyst 1 mM.
10 lL aliquots of the reaction mixture were diluted with 100 lL


A and injected on analytical RP-HPLC. The aldol product was
purified by diluting the reaction mixture with A and injecting
on semi-preparative RP-HPLC and the pure aldol product was
injected on chiral phase HPLC separating the enantiomers.


1H NMR (300 MHz, CDCl3) d = 8.20 (d, J = 8.5 Hz, 1 H), 7.55
(d, J = 8.5 Hz, 1 H), 5.25 (m, 1 H), 3.56 (d, J = 3.2 Hz, 1 H),
2.85 (m, 2 H), 2.25 (s, 3 H) ppm. 13C NMR (300 MHz, CDCl3)
d = 208.51, 150.04, 147.22, 126.37, 123.71, 123.57, 68.94, 51.43,
30.67 ppm. Anal. chiral HPLC [Daicel Chiralpak AS, iPrOH–
hexane (20 : 80), UV 254 nm, flow rate 2.0 mL min−1]: tR (major) =
8.47 min; tR (minor) = 10.02 min.


4-(2-Bromophenyl)-1,3,4-trihydroxybutan-2-one (19)10d


Catalysis in water. 50 lL of a 200 mM solution of 2-bromo-
benzaldehyde in methanol, dihydroxyacetone (0.5 mmol, 45 mg)
and 50 lL a 2 mM dendrimer catalyst solution in 100 mM aqueous
bicine buffer pH = 8.5 was shaken in an Eppendorf R© PP-tube
for 66 h. Final concentrations: 5 M dihydroxyacetone, 100 mM
aldehyde and 1 mM catalyst. 10 lL aliquots of the reaction mixture
were diluted with 100 lL A and injected on analytical RP-HPLC
separating the diastereomers. Anal. HPLC (Waters Atlantis, UV
254 nm, gradient 90% A, 10% D to 50% A, 50% D in 10 min), tR


(major, syn) = 4.96 min and tR = (minor, anti) 4.37 min.


syn-19. 1H NMR (300 MHz, CD3OD) d = 7.70 (d, J = 8.3 Hz,
1H), 7.56 (d, J = 8.3 Hz, 1H), 7.39 (app. t, 1H), 7.16–7.21 (m, 1H),
5.45 (d, J = 2.07 Hz, 1H), 4.59 (s, 2 H), 4.41 (d, J = 2.07 Hz, 1H)
ppm. 13C NMR (CD3OD) d = 213.31, 142.09, 133.79, 131.35,
130.54, 128.72, 122.67, 79.00, 74.72, 68.44 ppm. HR ESI MS(+):
calcd for C10H11BrNaO4 296.9738; found 296.9749. Anal. HPLC
(254 nm; gradient 90% A, 10% D to 50% A, 50% D in 10 min):
tR = 5.0 min.


anti-19. 1H NMR (300 MHz, CD3OD) d = 7.50–7.77 (m,
2H), 7.35 (app. t, 1H), 7.1–7.2 (m, 1H), 5.22 (d, J = 4.9 Hz,
1H), 4.35–4.50 (m, 3H) ppm. 13C NMR (300 MHz, CD3OD)
d = 212.17, 141.69, 133.91, 130.66, 130.60, 128.86, 124.16, 79.47,
75.89, 68.79 ppm. HR ESI MS(+): calcd. For C10H11BrNaO4


296.9738; found 296.9732. Anal. HPLC (254 nm; gradient 90%
A, 10% D to 50% A, 50% D in 10 min): tR = 4.4 min.


2-[Hydroxy-(4-nitrophenyl)methyl]cyclohexanone (20)


Catalysis in DMSO. 100 lL of a 200 mM solution of 4-nitro-
benzaldehyde in cyclohexanone and 100 lL of a 2 mM dendrimer
solution in DMSO buffered with x eq. of NMM (where x =
number of TFA–amine salts for the dendrimer tested) was
shaken in an Eppendorf R© PP-tube for 18 h. Final concentrations:
Aldehyde 100 mM, catalyst 1 mM. 10 lL aliquots of the
reaction mixture were diluted with 100 lL A and injected on
analytical RP-HPLC. The aldol product was purified by diluting
the reaction mixture with A and injecting on semi-preparative RP-
HPLC separating the diastereomers. The pure aldol products were
injected on chiral phase HPLC separating the enantiomers.


Catalysis in water. 50 lL of a 200 mM solution of 4-nitro-
benzaldehyde in cyclohexanone and 50 lL a 2 mM dendrimer
catalyst solution in 100 mM aqueous bicine buffer pH = 8.5 was
shaken in an Eppendorf R© PP-tube for 2 h. Final concentrations:
100 mM aldehyde and 1 mM catalyst. 10 lL aliquots of the


3278 | Org. Biomol. Chem., 2006, 4, 3268–3281 This journal is © The Royal Society of Chemistry 2006







reaction mixture were diluted with 100 lL A and injected on
analytical RP-HPLC. The aldol product was purified by diluting
the reaction mixture with A and injecting on semi-preparative RP-
HPLC separating the diastereomers. The pure aldol products were
injected on chiral phase HPLC separating the enantiomers.


anti-20. IR (neat) m̃ = 3504, 1688, 1604, 1531, 1508, 1342,
1131, 1044, 855, 842, 800, 702 cm−1. 1H NMR (300 MHz, CDCl3)
d = 8.22 (d, J = 8.8 Hz, 2H), 7.51 (d, J = 8.7 Hz, 2H), 4.95 (d, J =
8.3 Hz, 1H), 4.09 (br, 1H), 2.32–2.71 (m, 3H), 2.12–2.29 (m, 1H),
1.31–1.87 (m, 5H) ppm. 13C NMR (300 MHz, CDCl3) d = 214.7,
145.6, 145.2, 127.8, 123.5, 74.0, 57.2, 42.7, 30.8, 27.6, 24.7 ppm.
ESI MS(+): calcd for C13H15NNaO4 272.3; found 272.5. Anal.
HPLC (268 nm; gradient 90% A, 10% D to 10% A, 90% D in 15
min): tR = 11.3 min. Anal. chiral HPLC [Daicel Chiralpak OD–H,
iPrOH–hexane (10 : 90), UV 268 nm, flow rate 1.5 mL min−1]: tR


(major); = 16.1 min. tR (minor) = 22.5.


syn-20. IR (neat) m̃ = 3491, 1693, 1602, 1508, 1447, 1343, 1186,
1131, 1091, 852, 796, 703 cm−1. 1H NMR (300 MHz, CDCl3) d =
8.22 (d, J = 8.7 Hz, 2H), 7.49 (d, J = 8.9 Hz, 2H), 5.45 (d, J =
2.1 Hz, 1H), 3.05 (br, 1H), 2.51–2.61 (m, 1H), 2.29–2.49 (m, 2H),
1.95–2.11 (m, 1H), 1.41–1.82 (m, 5H) ppm. 13C NMR (300 MHz,
CDCl3) d = 214.0, 144.6, 143.8, 126.6, 123.5, 70.2, 56.8, 42.6, 27.8,
25.9, 24.8 ppm. ESI MS(+): calcd for C13H15NNaO4 272.3; found
272.4. Anal. HPLC (268 nm; gradient 90% A, 10% D to 10% A,
90% D in 15 min): tR = 11.7 min. Anal. chiral HPLC [Daicel
Chiralpak OD–H, iPrOH–hexane (10 : 90), UV 268 nm, flow rate
1.5 mL min−1]: tR (minor) = 13.5 min; tR (major) = 15.1 min.


Library synthesis and screening


Coupling of the Fmoc-protected amino acids. The resin was
washed and swollen inside the reactor with DCM (2 × 5 mL)
and DMF (1 × 5 mL). The NovasynTGR (Tentagel with
Rink linker) (0.25 mmol g−1) was acylated with 2.5 equivalents
of N-Fmoc amino acid in the presence of 2.5 equivalents
of PyBOP ((benzotriazol-1-yloxy)tripyrrolidinophosphonium
hexafluorophosphate) and 6 equivalents of DIEA (N,N ′-
diisopropylethylamine) in DMF. After 2g × 60 min (where g =
generation number) the resin was washed (3 × each) with DMF,
DCM and MeOH and controlled with the TNBS (trinitrobenzene-
sulfonic acid) or chloranil test followed by acetylation.


Resin mixing and splitting. The resin was suspended in DMF–
DCM (2 : 1, v/v), and mixed via nitrogen bubbling for 15 min, and
then distributed in four equal portions.


On-bead assay with diketone 1a. 50 mg library resin was
swollen overnight in 20 mM DMSO–PBS buffer pH = 7.4 (1 :
1, v/v). The swelling mixture was removed by filtration and 1 mL
of 50 lM solution of 1a in 20 mM DMSO–PBS buffer pH =
7.4 (1 : 1, v/v) was added. The resin was shaken for 30 min and
washed extensively with PBS buffer, DMSO, DMF, MeOH, DCM,
MeOH, DMF and finally with PBS buffer again (3 × each). A
suspension of the resin in DMF was transferred to a silica gel
plate and the beads were observed under a microscope. Single red
colored beads were transferred via a syringe needle to amino acid
analysis vials.


On-bead assay with enolization probe 6. 50 mg library resin was
swollen overnight in 20 mM bicine buffer pH = 8.5. The swelling


mixture was removed by filtration and 1 mL of 100 lM solution
of 6 in 20 mM bicine buffer pH = 8.5 with 1% acetonitrile was
added. The bead suspension was then plated out onto a silica gel
plate and incubated for 40 min. The beads were observed under
a microscope with a UV lamp irradiating at 365 nm. Single blue
fluorescent beads were transferred via a syringe needle to amino
acid analysis vials.


On bead assay with retro-aldolase substrates 12 and 14. 50 mg
library resin was swollen overnight in 20 mM borate buffer pH =
8.8. The swelling mixture was removed by filtration and 1 mL of
100 lM solution of 12 or 14 in 20 mM borate buffer pH = 8.8 with
5% acetonitrile was added. The bead suspension was then plated
out onto a silica gel plate and incubated for up to 2 h. The beads
were observed under a microscope with a UV lamp irradiating at
365 nm. No hits were observed.


Bead analysis. Single dendrimer-containing resin beads were
hydrolyzed with aqueous HCl (6 M) at 110 ◦C for 22 h, and
their amino acid composition was determined quantitatively by
HPLC after derivatization with phenyl isothiocyanate (PITC).
Such amino acid analyses are routine for protein composition
analysis. The analysis detects as little as 5 pmol per amino acid,
which is sufficient for single resin bead analysis, as these contain
50–200 pmol of dendrimers. False positives are most likely due to
manipulation errors during bead picking. Sometimes more than
one bead is transferred to the pipette, and the fluorescence staining
is diluted when the beads are washed down the pipette used for
picking, which does not allow staining to be rechecked afterwards.


Cleavage of the Fmoc protecting group. The Fmoc protecting
group was removed with 5 mL of a solution of DMF–piperidine
(1 : 4, v/v) for 10 min. After filtration, the procedure was repeated
and then washed (3 × each) with DMF, DCM and MeOH.


N-Acetylation. The resin was acetylated with a solution of
acetic acid anhydride–DCM (1 : 1, v/v) for 10 min. After filtration,
the procedure was repeated and then washed (3 × each) with DMF,
DCM and MeOH.


TFA cleavage. The cleavage was carried out using TFA–H2O–
TIS (triisopropylsilane) as a (95 : 2.5 : 2.5, v/v) solution for 6 h.
The peptide was precipitated with methyl tert-butyl ether then
dissolved in water–acetonitrile mixture. All the dendrimers were
purified by preparative RP-HPLC.


Yields, purification method and characterization of all dendrimers


The dendrimers were synthesized using the same conditions as for
the library synthesis.


Dendrimer L1D5 (Ac–Glu–Tyr)8(Dap–Arg–Thr)4(Dap–
Phe–Lys)2(Dap–Ser–Lys): from NovasynTGR (200 mg,
0.25 mmol g−1), L1D5 was obtained as colorless foamy solid after
preparative HPLC purification (18 mg, 9%, as TFA-salt); anal.
RP-HPLC: tR = 4.75 min; ESI MS(+): calcd for C228H326N60O74:
5088.35, found: 5088.38.


Dendrimer L1D6 (Ac–Arg–Tyr)8(Dap–Glu–Tyr)4(Dap–
Phe–Lys)2(Dap–Ser–Lys): from NovasynTGR (200 mg,
0.25 mmol g−1), L1D6 was obtained as colorless foamy solid
after preparative HPLC purification (21 mg, 10%, as TFA-salt);
anal. RP-HPLC (70% A, 30% D to 30% A, 70% D in 10 min):
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tR = 4.44 min; ESI MS(+): calcd for C252H352N72O66: 5444.65,
found: 5444.25.


Dendrimer L2D1 (Pro–Lys)8(Dap–Pro–Lys)4(Dap–Tyr–
Leu)2(Dap–Ile–Gly): from NovasynTGR (200 mg, 0.25 mmol g−1),
L2D1 was obtained as colorless foamy solid after preparative
HPLC purification (86 mg, 25%, as TFA-salt); anal. RP-HPLC
(90% A, 10% D to 50% A, 50% D in 10 min): tR = 6.74 min; ESI
MS(+): calcd for C191H327N56O40: 4046.00, found: 4045.88.


Dendrimer L2D5 (Ser–Lys)8(Dap–Pro–Arg)4(Dap–Ile–Gly)2-
(Dap–Tyr–Gly): from NovasynTGR (200 mg, 0.25 mmol g−1),
L2D5 was obtained as colorless foamy solid after preparative
HPLC purification (20 mg, 8%, as TFA-salt); anal. RP-HPLC
(90% A, 10% D to 50% A, 50% D in 10 min): tR = 7.87 min; ESI
MS(+): calcd for C166H302N64O47: 3942.00, found: 3942.12.


Dendrimer L2D6 (Ser–Lys)8(Dap–Ser–Lys)4(Dap–Tyr–Gly)2-
(Dap–Phe–Gly): from NovasynTGR (200 mg, 0.25 mmol g−1),
L2D6 was obtained as colorless foamy solid after preparative
HPLC purification (33 mg, 13%, as TFA-salt); anal. RP-HPLC
(90% A, 10% D to 50% A, 50% D in 10 min): tR = 6.83 min; ESI
MS(+): calcd for C162H284N56O52: 3846.15, found: 3846.13.


Dendrimer L2D7 (Pro–Lys)8(Dap–Glu–Arg)4(Dap–b-Ala–Gly)2-
(Dap–Phe–Val): from NovasynTGR (200 mg, 0.25 mmol g−1),
L2D7 was obtained as colorless foamy solid after preparative
HPLC purification (19 mg, 7%, as TFA-salt); anal. RP-HPLC
(90% A, 10% D to 10% A, 90% D in 15 min): tR = 5.13 min; ESI
MS(+): calcd for C177H306N64O46: 4064.36, found: 4064.38.


Dendrimer L2K4 (Pro–Lys)8(Dap–Thr–His)4(Dap–Tyr–Gly)2-
(Dap–Phe–Val): from NovasynTGR (200 mg, 0.25 mmol g−1),
L2K4 was obtained as colorless foamy solid after preparative
HPLC purification (11 mg, 4%, as TFA-salt); anal. RP-HPLC
(90% A, 10% D to 10% A, 90% D in 15 min): tR = 3.43 min; ESI
MS(+): calcd for C185H295N61O43: 4060.28, found: 4060.38.


Dendrimer L2K7 (Pro–Lys)8(Dap–Ser–Arg)4(Dap–b-Ala–Val)2-
(Dap–Tyr–Leu): from NovasynTGR (200 mg, 0.25 mmol g−1),
L2K7 was obtained as colorless foamy solid after preparative
HPLC purification (28 mg, 10%, as TFA-salt); anal. RP-HPLC
(90% A, 10% D to 10% A, 90% D in 15 min): tR = 5.34 min; ESI
MS(+): calcd for C176H313N65O42: 4010.42, found: 4010.75.


Dendrimer L2K8 (Glu–Lys)8(Dap–Glu–Asp)4(Dap–Ile–Gly)2-
(Dap–Tyr–Ala): from NovasynTGR (200 mg, 0.25 mmol g−1),
L2K8 was obtained as colorless foamy solid after preparative
HPLC purification (17 mg, 6%, as TFA-salt); anal. RP-HPLC
(90% A, 10% D to 10% A, 90% D in 15 min): tR = 4.10 min; ESI
MS(+): calcd for C173H388N53O70: 4228.05, found: 4228.50.


Dendrimer R1G1 (Pro–Thr)2(Dap–Pro–Thr): from No-
vasynTGR (100 mg, 0.25 mmol g−1), R1G1 was obtained as
colorless foamy solid after preparative HPLC purification (7 mg,
79%, as TFA-salt); anal. RP-HPLC (100% A, 0% D to 10% A, 90%
D in 15 min): tR = 4.92 min; ESI MS(+): calcd for C30H51N9O10:
696.78, found: 697.38.


Dendrimer R1G2 (Pro–Thr)4(Dap–Pro–Thr)2(Dap–Pro–Thr):
from NovasynTGR (100 mg, 0.25 mmol g−1), R1G2 was obtained
as colorless foamy solid after preparative HPLC purification
(17 mg, 58%, as TFA-salt); anal. RP-HPLC (90% A, 10% D to
50% A, 50% D in 15 min): tR = 4.75 min; ESI MS(+): calcd for
C71H119N21O24: 1661.84, found: 1661.88.


Dendrimer R1G3 (Pro–Thr)8(Dap–Pro–Thr)4(Dap–Pro–
Thr)2(Dap–Pro–Thr): from NovasynTGR (100 mg, 0.25 mmol
g−1), R1G3 was obtained as colorless foamy solid after preparative


HPLC purification (14 mg, 26%, as TFA-salt); anal. RP-HPLC
(90% A, 10% D to 50% A, 50% D in 15 min): tR = 5.22 min; ESI
MS(+): calcd for C156H256N45O52: 3591.97, found: 3591.84.


Dendrimer R2G1 (Pro–Lys)2(Dap–Pro–Lys): from No-
vasynTGR (100 mg, 0.25 mmol g−1), R2G1 was obtained as
colorless foamy solid after preparative HPLC purification (9 mg,
85%, as TFA-salt); anal. RP-HPLC (100% A, 0% D to 10% A, 90%
D in 15 min): tR = 4.10 min; ESI MS(+): calcd for C36H67N12O7:
777.99, found: 778.50.


Dendrimer R2G2 (Pro–Lys)4(Dap–Pro–Lys)2(Dap–Pro–Lys):
from NovasynTGR (100 mg, 0.25 mmol g−1), R2G2 was obtained
as colorless foamy solid after preparative HPLC purification
(17 mg, 58%, as TFA-salt); anal. RP-HPLC (95% A, 5% D to
70% A, 30% D in 15 min): tR = 6.38 min; ESI MS(+): calcd for
C86H155N28O17: 1851.32, found: 1851.33.


Dendrimer R2G3 (Pro–Lys)8(Dap–Pro–Lys)4(Dap–Pro–Lys)2-
(Dap–Pro–Lys): from NovasynTGR (100 mg, 0.25 mmol g−1),
R2G3 was obtained as colorless foamy solid after preparative
HPLC purification (18 mg, 20%, as TFA-salt); anal. RP-HPLC
(90% A, 10% D to 50% A, 50% D in 15 min): tR = 5.794 min; ESI
MS(+): calcd for C186H331N60O37: 3997.97, found: 3998.00.


Reductive alkylation of R2G3


Dendrimer R2G3 (6.0 mg, 1 lmol) was stirred in 100 lL 100 mM
bicine buffer pH 8.5. Then, 100 lL of acetone was added and
the resulting mixture was stirred for 3 h at room temperature. A
solution of NaBH4 (4.0 mg, 100 lmol) in H2O (100 lL) was added
and the mixture was stirred overnight at room temperature. Then,
acetic acid was added (100 lL) and the mixture was lyophilized.
The 1H NMR spectrum was recorded.


Reductive alkylation of L1D5


Dendrimer L1D5 (5.4 mg, 1 lmol) was stirred in 100 lL 100 mM
bicine buffer pH 8.5. Then, 100 lL of cyclohexanone was added
and the resulting mixture was stirred for 3 h at room temperature. A
solution of NaBH4 (4.0 mg, 100 lmol) in H2O (100 lL) was added
and the mixture was stirred overnight at room temperature. Then,
acetic acid was added (100 lL) and the mixture was lyophilized.
The 1H NMR spectrum was recorded.
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A new synthetic approach to enantiopure pyranonaphthoquinones is described. (S)-Mellein 10,
prepared in 6 steps from (S)-propylene oxide 16, is converted stereospecifically to the
(1R,3S)-dimethylpyran 15. The pyran 15 is then converted to the benzoquinone 14, which undergoes
regiospecific Diels–Alder reactions with a variety of oxygenated butadienes to give
pyranonaphthoquinones including ventiloquinones E, G, L, eleutherin and ent-deoxyquinone A.


Introduction


Pyranonaphthoquinones are widespread in nature having been
isolated from plant, insect, bacterial and fungal sources.1 Members
of this family of compounds display a range of biological activities2


and have also been proposed to act as bioreductive alkylating
agents.3 This has stimulated considerable effort towards their total
synthesis.4 One of the simplest members of this group is eleutherin
1, a topoisomerase II inhibitor5 first isolated from the bulbs of
Eleutherine bulbosa (Iradaceae).6 Eleutherin 1 has been the subject
of total synthesis a number of times, but only in racemic form.4


Numerous other 1,3-dimethylpyranoquinones possessing a va-
riety of oxygenation patterns in the quinone moiety are known
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as natural products.1 Examples include the ventiloquinone fam-
ily of which there are 15 members. Amongst this group are
ventiloquinones E 2 and G 6 isolated from the plant Ventilago
maderaspatana7 and ventiloquinone L 8 from V. goughii.8 A
number of racemic syntheses of members of the ventiloquinone
group have been reported.4,9 A rare example of the total synthesis
of 1,3-dimethylpyranoquinones in enantiopure form has been
reported by Giles10 and involved the synthesis of all 8 stereoisomers
of quinone A 9, a natural derivative of the aphid insect pigments.11


Herein we wish to report full details12 of our approach to
pyranoquinones that makes available enantiopure ventiloquinones
E 2, G 6, L 8, eleutherin 1 and related pyranoquinones.


Results and discussion


We have previously reported the synthesis of both enantiomers
of the natural product mellein 10 beginning from the appro-
priate stereoisomer of propylene oxide.13 We have since used
(S)-mellein 10 as an intermediate in the first total synthesis
of the fungal pigment (1R,3S)-thysanone 1114 and felt that
this methodology could be extended to the synthesis of 1,3-
dimethylpyranonaphthoquinones in enantiopure form.


Our planned approach to pyranonaphthoquinones is shown
retrosynthetically in Scheme 1. Thus, quinones of the type
12 with variously substituted aromatic rings may be formed
by Diels–Alder cycloaddition between appropriately oxygenated
butadienes 13 and the benzoquinone 14, which itself may be
available from the dimethylpyran 15. The key dimethylpyran 15
should be available from (S)-mellein 10 by use of the method
by Kraus et al.,15 which involves introduction of the alkyl group
at C-1 followed by stereospecific reduction with hydride. In
order to pursue this method, quantities of (S)-mellein 10 were
firstly prepared from ethyl (S)-lactate 17 via (S)-propylene oxide
16 according to the method we have described earlier.13 The
spectroscopic data, including specific rotation, for (S)-mellein
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Scheme 1


obtained in this way were consistent with those described in the
literature.13,16


The lactone 10 was treated with methyllithium in tetrahydro-
furan at −78 ◦C according to the method of Kraus et al.15 The
intermediate addition product was isolated and exposed immedi-
ately to trifluoroacetic acid and triethylsilane in dichloromethane
at −80 ◦C (Scheme 2). The required 1,3-dimethylpyran 15 was
isolated in yields as high as 83%, over 2 steps, after hydrolysis of a
silylated derivative. However, inconsistent yields were obtained us-
ing this method. Reproducible results were obtained by treatment
of the lactone 10 with methyl magnesium bromide in ether at 0 ◦C
followed by reduction with trifluoroacetic acid and triethylsilane
as before.15 Thus, the ether 15 was isolated as colourless plates
with [a]D


26 +206 in 92% yield from 10.


Scheme 2 Reagents and conditions: (a) MeLi, THF, −80 ◦C, 3 h; or
MeMgBr, ether, 0 ◦C → rt, 1 h; (b) Et3SiH, CF3CO2H, CH2Cl2, −80 ◦C →
rt, 2 h; (c) NBS (2 eq.), DMF, rt, 18 h; (d) CAN, MeCN, H2O, rt, 20 min.


The 1,3-diequatorial disposition of the methyl groups in the
pyran 15 was established by analysis of the chemical shifts
of the 1-H and 3-H methine protons. Previous studies17 have
ascertained that there are significant differences in the 1H NMR
spectra of cis-1,3-dimethyl (diequatorial) versus trans-1,3-dimethyl
(axial/equatorial) 3,4-dihydropyrans. It is consistently observed
that 1-H and 3-H are deshielded for trans-isomers relative to their
cis counterpart. Particularly diagnostic is the signal associated
with 3-H that, although pseudo axial in both cis- and trans-
isomers, resonates at <d 3.75 for cis-isomers and >d 3.95 for
trans-isomers. For benzopyran 15 the 1-H (d 5.07) and 3-H (d
3.71) signals in the 1H NMR spectrum are consistent with a cis-
1,3-dimethyl arrangement. Thus, we can confidently assign the


stereochemistry at C-1 as (R) since we know the stereochemistry
at C-3 is (S) since it originates from (S)-propylene oxide 16.


Bromination of the benzopyran 15 with N-bromosuccinimide
(2 equivalents) in N,N-dimethylformamide gave, upon crystalliza-
tion of the crude material, (1R,3S)-dibromobenzopyran 18 for
the first time as fine colourless needles in 82% yield and with
[a]D


22 +155. The incorporation of two bromine atoms into the
molecule was confirmed by the presence of a proton singlet (d 7.55)
in the 1H NMR spectrum and in the mass spectrum, a molecular
ion measured at m/z 334.9291 for the pseudomolecular ion {[M +
H]+, 79Br2}. Oxidation was effected by adding an aqueous solution
of cerium(IV) ammonium nitrate to the dibromobenzopyran 18
in acetonitrile to give the (1R,3S)-benzoquinone 14 as a yellow
solid in 86% yield. The benzoquinone 14 has the potential to act
as a versatile dienophile in Diels–Alder reactions. This ability is
demonstrated by the successful reaction of benzoquinone 14 with
a range of oxygenated butadienes as summarised in Scheme 3.


Firstly, the (1R,3S)-benzoquinone 14 was exposed to 1-
methoxy-1-trimethylsiloxybuta-1,3-diene 22 in benzene at room
temperature. After filtration through silica, chromatographic
purification gave a single product as yellow needles. This pig-
ment exhibited a strong positive optical rotation measurement,
[a]D


21 +190, and a high resolution mass measurement on the
pseudomolecular ion {[M − H]−} led to the molecular formula
C15H14O4. Signals in the 1H NMR spectrum include a sharp singlet
at d 12.01 due to a chelated hydroxyl proton, a set of 3 contiguous
aromatic protons at d 7.63 (dd, J 7.6 and 1.5 Hz), 7.60 (dd, J
8.0 and 7.6 Hz) and 7.24 (dd, J 8.0 and 1.5 Hz) and a set of
signals with chemical shifts and coupling constants17 consistent
with the presence of a 1,3-diequatorial substituted pyran ring
(Experimental). These data were consistent with the structure
19, however, the naphthoquinone 19 was obtained in a moderate
10% yield. Treatment of the benzoquinone 14 with 1-methoxy-1,3-
cyclohexadiene 23 in benzene, followed by pyrolysis, proceeded
only slightly more readily to give eleutherin 1 as yellow needles
(mp 140–145 ◦C) in 13% yield. The EI mass spectrum for this
product exhibited a molecular ion at m/z 272 consistent with
the formula C16H16O4, whilst the 1H NMR spectrum includes 3
aromatic proton signals and a methoxy signal (Table 1). All other
spectroscopic data for the synthetic material 1 (Experimental) is
in complete accord with the assigned structure.


The spectroscopic data for synthetic eleutherin 1 also agrees
closely with those reported for the natural product (Table 1)17 as
well as those recorded using an authentic sample of eleutherin
1. Significantly, the optical rotation measurement of synthetic
eleutherin 1 {[a]D


22 +291} agrees well with that recorded for
natural eleutherin 1 {[a]D


15 +346} from Eleutherine bulbosa.6 This
agreement is consistent with the absolute configuration of the
synthetic compound 1 being (1R,3S) as expected from its synthesis
from ethyl (S)-lactate 17. The absolute configuration of eleutherin
1 is known to be (1R,3S) by the chemical degradation of the
natural product and comparison with 3-hydroxybutyric acid.18


Many racemic, but not enantiopure, syntheses of eleutherin 1 have
been reported,4 this is the first synthesis of enantiomerically pure
eleutherin 1.


The bromoquinone 14 was then reacted with 1-methoxy-3-
trimethylsiloxybuta-1,3-diene 24 in dry benzene at 60 ◦C for
24 hours. Preparative thin layer chromatography gave a single
bright yellow compound that was purified by gel filtration. The
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Scheme 3 Reagents and conditions: (a) 22, benzene, rt, 3.5 h (for 19); (i) 23, benzene, 80 ◦C, 1 h; (ii) CH2Cl2, NEt3, rt, 18 h; (iii) 150 ◦C, 30 min (for 1);
(b) 24, benzene, 60 ◦C, 24 h; (c) 25, benzene, 60 ◦C, 100 min (for 8); 26, benzene, rt, 18 h (for 21); (d) 27, benzene, rt, 18 h.


Table 1 1H NMR data [d, multiplicity and coupling constants (Hz)] for synthetic and naturally occurring eleutherin 1 and ventiloquinone L 8 in CDCl3


Proton(s) Synthetic eleutherin 1a Natural eleutherin 1b Synthetic ventiloquinone L 8a Natural ventiloquinone L 8b


1-H 4.85 (m) 4.85 (m) 4.82 (ddq, J 3.9, 2.6, 6.6) 4.81 (ddq, J 3.9, 2.6, 6.6)
3-H 3.58 (m) 3.58 (m) 3.57 (ddq, J 10.2, 2.6, 6.4) 3.57 (ddq, J 10.2, 2.6, 6.6)
4-Hax 2.20 (ddd, J 18.3, 10.3, 3.7) 2.19 (ddd, J 18, 10, 4) 2.22 (ddd, J 18.6, 10.2, 3.9) 2.22 (ddd, J 18.0, 10.2, 3.9)
4-Heq 2.75 (dt, J 18.3, 2.7) 2.75 (dt, J 18, 2.5) 2.73 (dt, J 18.6, 2.6) 2.73 (dt, J 18.0, 2.6)
6-H 7.73 (d, J 7.8) 7.72 (m) 7.15 (d, J 2.4) 7.15 (d, J 2.6)
7-H 7.64 (dd, J 8.5, 7.8) 7.63 (m) — —
8-H 7.27 (d, J 8.5) 7.27 (m) 6.61 (d, J 2.4) 6.61 (d, J 2.6)
1-Me 1.53 (d, J 6.6) 1.53 (d, J 6.5) 1.57 (d, J 6.6) 1.57 (d, J 6.6)
3-Me 1.36 (d, J 6.3) 1.36 (d, J 6) 1.36 (d, J 6.4) 1.35 (d, J 6.6)
7-OMe — — 3.89 (s) 3.88 (s)
9-OH — — 12.25 (s) 12.22 (s)
9-OMe 3.99 (s) 3.99 (s) — —


a Synthetic eleutherin 1 and ventiloquinone L 8 recorded at 400 MHz. b Natural eleutherin 117 and ventiloquinone L 88 recorded at 300 MHz and 360 MHz,
respectively.


product (1R,3S)-7-hydroxynaphthoquinone 20 was isolated as a
yellow solid with [a]D


15 +290 in 49% yield. The 1H NMR spectrum
of 20 includes three aromatic proton signals at d 7.98 (d, J 8.4 Hz),
d 7.50 (d, J 2.6 Hz) and d 7.14 (dd, J 8.4 and 2.6 Hz), consistent
with the substitution pattern in 20.


The next diene to be pursued, 1,3-dimethoxy-1-trimethyl-
siloxybuta-1,3-diene 25, was introduced to a solution of the
bromoquinone 14 in dry benzene and heated at 60 ◦C for
100 minutes. A small amount of silica was added to the solution to
ensure complete aromatization. After chromatographic purifica-
tion the product was isolated as orange needles in 41% yield with
[a]D


26 +420. The EI mass spectrum for the product exhibited a
molecular ion at m/z 288, a high resolution mass measurement of
which gave the molecular formula C16H16O5. The pigment was
identified as (1R,3S)-ventiloquinone L 8 by inspection of the
spectroscopic data (Table 1 and Experimental). Comparison of the
spectroscopic data for synthetic ventiloquinone L 8 with the corre-
sponding data recorded for naturally occurring ventiloquinone L
8 (Table 1 and [a]D


30 +387)8 establishes the identity of the synthetic
and natural materials. Although racemic ventiloquinone L 8
has been synthesized previously,9a,19 this is the first synthesis in
enantiopure form and establishes unequivocally for the first time
the (1R,3S) absolute stereochemistry of the natural product 8.


To the bromoquinone 14 dissolved in benzene was added 1-
methoxy-1,3-bis(trimethylsiloxy)buta-1,3-diene 26. After stirring
overnight, silica was added and the suspension was purified to
give a single product as yellow needles. A high resolution mass
measurement on the molecular ion at m/z 274 led to the formula
C15H14O5. The 1H NMR indicated the presence of a chelated
hydroxy proton (d 12.19) as well as a free phenolic proton (d
7.09), a pair of meta-coupled aromatic protons (d 7.15 and 6.62,
J 1.8 Hz) and a set of signals consistent with the presence of
an intact 1,3-dimethyl substituted pyran ring. Combining all of
the spectroscopic data leads to the new structure (1R,3S)-7,9-
dihydroxynaphthoquinone 21, which was isolated in 24% yield.
This pigment 21 is not itself found in nature but its C-3 epimer
(1R,3R)-deoxyquinone A 28 is known as a degradation product
of deoxyprotoaphin 29.20


Epimerisation of the C-1 methyl group in quinone 21 was
achieved using boron tribromide7 and gave the trans-pyran 30 as an
orange solid with [a]D


18 −210, albeit in low (11%) yield. Full details
of the optical rotation measurement of the (1R,3R)-compound 28
have not been reported, it has been noted however that the 7,9-
dimethyl ether of 28 is dextrorotatory.19 As noted earlier, Giles has
prepared all 8 stereoisomers of quinone A 9, also using lactate
from the chiral pool as a source of asymmetry.10 The method
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described here provides a distinctly different approach for the
construction of the pyran ring in quinones such as 21.


The next diene to be combined with the bromoquinone 14 was
the more highly oxygenated butadiene 27 (Scheme 3). Thus, to
the bromoquinone 14 in benzene was added 1,3,4-trimethoxy-1-
trimethylsiloxybuta-1,3-diene 27 and after stirring at room temper-
ature overnight silica was added and the dark orange suspension
was filtered through a short silica pad and an orange band was
collected. Chromatographic analysis revealed the presence in this
mixture of at least 6 pigments that were separated and each purified
by extensive chromatography. The first compound was obtained
only in trace amounts and was identified as ventiloquinone L
8. The pigment was found to be chromatographically, physically
and spectroscopically indistinguishable from the sample described
earlier.


The next two quinone products, 6 and 7, were identified as
naphthazarin derivatives from the UV–vis spectra that exhibited
long wavelength absorption at 519 and 553 nm and 502 and
535 nm, respectively.21 The 1H NMR data from quinone 6 reveal
the presence of an isolated quinonoid proton, one non-chelated
and two chelated hydroxy protons and a set of methyl, methylene
and methine protons consistent with the dimethylpyran ring
system (Experimental). That the quinone 6 exists predominantly
in the tautomeric form shown follows from the characteristic shift
of the quinone proton (d 6.35).22 The quinone 6 proved identical
in all respects, including the sign of the specific rotation, with
ventiloquinone G 6 isolated from Ventilago maderaspatana.7 The
second red quinone was identified as the 7-O-methyl ether 7 of
ventiloquinone G 6 from the spectroscopic data, principally by
comparison of the 1H NMR spectrum of the entirely synthetic
material with that of the naturally derived material.7


The remaining three orange/yellow quinones were identified
as ventiloquinone E 2 and its isomeric 7- and 9-desmethyl ethers
3 and 4, respectively, from the 1H NMR data (Experimental).
Ventiloquinone E 2 occurs along with several other quinones
in the root bark of Ventilago maderaspatana.7 Comparison of
the 1H NMR spectra of the synthetic and natural products
established the identity of the two. The 7- and 9-desmethyl
derivatives 3 and 4, respectively, of ventiloquinone E 2, are
not themselves natural products but their structural isomer,


6-hydroxy-7-methoxyeleutherin 5, is a constituent of Karwinskia
humboldtiana.23 The fact that the 1H NMR data for the dimethyl
ethers 3 and 4 are distinctly different from the spectrum of
the isomer 5,23 excludes 5 from the possible products from the
reaction of diene 27 and reduced the structural possibilities of
the final two yellow quinones to 3 and 4. The isomers 3 and
4 could be differentiated by the observation that the 1H NMR
spectrum of 3 contains two methoxy singlets and a non-chelated
hydroxy resonance (d 6.68), while the spectrum of 4 exhibits
two methoxy singlets and one strongly chelated phenolic hydroxy
resonance (d 13.04). This reaction provides three natural products,
the ventiloquinones E 2, G 6 and L 8, in one pot, albeit in low
yield. This is the first report of the enantiopure synthesis of these
natural products.


Conclusions


The chemistry described here demonstrates a versatile new
route to enantiopure 1,3-dimethylpyranonaphthoquinones. The
synthetic method has led to the first total synthesis of a variety
of pyranonaphthoquinones including ventiloquinones E 2, G
6, L 8 and eleutherin 1 unequivocally establishing the absolute
stereochemistry of these natural products. The method contains
further versatility when it is recognized that the C-3 alkyl group is
dependent on the choice of chiral oxirane starting material and the
C-1 substituent derives from the choice of organometallic reagent,
providing the ability to incorporate numerous different functional
groups at C-1 and C-3. The realization of this potential will be
reported in due course.


Experimental


Melting points were determined on a hot-stage apparatus and
are uncorrected. Infrared (IR) spectra were recorded using a
Perkin-Elmer 983 G spectrophotometer for samples as potassium
bromide discs. Electronic spectra were recorded on a Shimadzu
UV-2401PC spectrophotometer using either ethanol or methanol
solutions in a 10 mm quartz cell. NMR spectra were recorded with
JEOL JNM-GX-400 and Varian Unity 400 spectrometers (1H at
400 MHz and 13C at 100 MHz) for solutions in CDCl3 unless stated
otherwise. Chemical shifts are relative to tetramethylsilane with J
values given in Hz. Mass spectra were recorded on a Shimadzu
GCMS-QP505A spectrometer at 70 eV [probe; electron ionisation
(EI)] and a Micromass QUATTRO II [electrospray ionisation
(ESI)]. Specific rotations were measured using a JASCO DIP-
1000 polarimeter and are given in units of 10−1 deg cm2 g−1.
Thin-layer chromatography (TLC) and preparative TLC (PLC)
were performed on Merck pre-coated silica gel 60 F254 and Merck
Kieselgel 60 GF254 (20 g silica gel spread on 20 × 20 cm glass
plates), respectively. Visualisation was under ultraviolet (UV) light
(254 or 366 nm).


(1R,3S)-8-Hydroxy-1,3-dimethyl-3,4-dihydro-1H-2-benzopyran
15


To a solution of (S)-mellein 10 (502 mg, 2.8 mmol) in anhydrous
ether (15 mL) at 0 ◦C was added methylmagnesium bromide (2 M
in ether, 5 mL, 10 mmol) dropwise over 5 min. The mixture
was stirred for 30 min at 0 ◦C, then for a further 60 min at
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room temperature. The reaction was quenched with sat. aq.
ammonium chloride and the mixture was extracted with ether
(3 × 30 mL). The combined extracts were dried (MgSO4) and
concentrated under reduced pressure to give a colourless solid
that was dissolved in dichloromethane (10 mL) and cooled to
−80 ◦C. Trifluoroacetic acid (0.65 mL, 8.4 mmol) and then
triethylsilane (1.4 mL, 8.8 mmol) were added dropwise and the
resulting solution was stirred for 30 min followed by warming to
room temperature over 90 min. The solution was concentrated
under reduced pressure, then treated overnight in a mixture of
tetrahydrofuran (5 mL), acetic acid (10 mL) and water (5 mL).
The solution was neutralized with sat. aq. sodium bicarbonate
and extracted with ether (3 × 30 mL). The combined ethereal
extracts were washed with sat. aq. sodium bicarbonate (20 mL),
dried (MgSO4) and concentrated under reduced pressure. Column
chromatography (dichloromethane then ether) gave (1R,3S)-
dimethylpyran 15 (464 mg, 92%), as colourless plates, mp 166–
169 ◦C (ether–hexanes) (subl., morphological changes at 110 ◦C)
(lit.15b mp [(±)-form] 111–112 ◦C, ether–hexanes); [a]D


26 +206 (c
0.100, CHCl3); found: C, 74.0; H, 7.8%; [M + Na]+, 201.0893.
C11H14O2 requires: C, 74.1; H, 7.9%; [M + Na]+, 201.0891; mmax


(KBr) 3248, 2970, 2935 and 2851 cm−1; dH(400 MHz) 1.35 (3H, d,
J 6.0, 3-Me), 1.61 (3H, d, J 6.3, 1-Me), 2.59 (1H, dd, J 15.6 and
2.0, 4-Hax), 2.71 (1H, dd, J 15.6 and 10.6, 4-Heq), 3.71 (1H, ddq, J
10.6, 2.0 and 6.0, 3-H), 5.07 (1H, br q, J 6.3, 1-H), 5.12 (1H, br s,
8-OH), 6.57 (1H, d, J 8.0, 7/5-H), 6.68 (1H, d, J 7.7, 5/7-H) and
7.02 (1H, t, J 7.8, 6-H). dC(100 MHz) 21.47, 21.53, 37.2, 69.7, 70.8,
113.2, 121.0, 126.1, 126.8, 136.8 and 152.1; m/z (EI) 178 {[M]+,
4}, 163 (100), 145 (26) and 91 (20).


(1R,3S)-5,7-Dibromo-8-hydroxy-1,3-dimethyl-3,4-dihydro-1H-2-
benzopyran 18


To a solution of (1R,3S)-benzopyran 15 (144 mg, 0.81 mmol)
in dimethylformamide (10 mL) was added N-bromosuccinimide
(288 mg, 1.62 mmol). The solution was stirred at room temperature
in the dark for 18 h. After dilution with water (50 mL), the
solution was extracted with dichloromethane (3 × 20 mL) and
the combined organic extracts were washed with water (4 ×
20 mL), dried (MgSO4) and concentrated under reduced pressure.
Crystallization from dichloromethane–hexanes gave (1R,3S)-
dibromobenzopyran 18 (223 mg, 82%) as colourless needles, mp
153–155 ◦C; [a]D


22 +155 (c 1.00, CHCl3); found: C, 39.3; H, 3.6%;
{[M + H]+, 79Br2}, 334.9291; {[M]+, 79Br2}, 333.9193. C11H12O2Br2


requires: C, 39.3; H, 3.6%; {[M + H]+, 79Br2}, 334.9283; {[M]+,
79Br2}, 333.9205; mmax (KBr) 3409, 3078, 2977, 2928 and 2843 cm−1;
dH(400 MHz) 1.37 (3H, d, J 6.3, 3-Me), 1.57 (3H, d, J 6.3, 1-Me),
2.43 (1H, ddd, J 16.6, 10.7 and 1.5, 4-Hax), 2.72 (1H, br d, J 16.6,
4-Heq), 3.61 (1H, ddq, J 10.7, 2.3 and 6.3, 3-H), 4.98 (1H, br q, J
6.3, 1-H), 5.60 (1H, s, 8-OH) and 7.55 (1H, s, 6-H); dC(100 MHz)
21.0, 21.4, 37.6, 69.3, 71.1, 108.5, 115.1, 129.7, 131.8, 135.9 and
147.7; m/z (EI) 336 {[M]+, 21}, 323 (51), 321 (100), 319 (50), 292
(36), 224 (24), 222 (24), 132 (34), 131 (26) and 77 (31).


(1R,3S)-7-Bromo-1,3-dimethyl-3,4-dihydro-1H-2-benzopyran-5,8-
dione 14


A solution of cerium(IV) ammonium nitrate (268 mg, 0.49 mmol)
in water (7 mL) was added dropwise to (1R,3S)-dibromo-


benzopyran 18 (53 mg, 0.16 mmol) in acetonitrile (7 mL). After
stirring for 20 min the solution was poured into water (20 mL)
and extracted with chloroform (3 × 20 mL). The combined
organic extracts were washed with water (3 × 30 mL), dried
(MgSO4) and concentrated under reduced pressure. The resultant
oil was purified by gel filtration (Sephadex LH20, methanol–
dichloromethane, 1 : 1) to give (1R,3S)-benzoquinone 14 (37 mg,
86%), as a yellow solid, which was used immediately and without
further purification; dH(400 MHz) 1.33 (3H, d, J 6.1, 3-Me), 1.49
(3H, d, J 6.6, 1-Me), 2.16 (1H, ddd, J 18.8, 10.0 and 4.2, 4-Hax),
2.60 (1H, dt, J 18.8 and 2.6, 4-Heq), 3.55 (1H, ddq, J 10.0, 2.6 and
6.1, 3-H), 4.70 (1H, ddq, J 4.2, 2.6 and 6.6, 1-H) and 7.25 (1H, s,
6-H).


(1R,3S)-9-Hydroxy-1,3-dimethyl-3,4,5,10-tetrahydro-1H-
naphtho[2,3-c]pyran-5,10-dione 19


A solution of 1-methoxy-1-trimethylsiloxybuta-1,3-diene 22
(42 mg, 0.24 mmol) in benzene (2 mL) was added dropwise to
a solution of the (1R,3S)-benzoquinone 14 (22 mg, 0.081 mmol)
in benzene (2 mL). The reaction was stirred at room temperature
for 3.5 h, silica gel (1.0 g) was added and the solvent was evaporated
at reduced pressure. Column chromatography (dichloromethane–
1% formic acid) and gel filtration (Sephadex LH20, methanol–
dichloromethane, 1 : 1) gave (1R,3S)-naphthoquinone 19 as yellow
microneedles (2 mg, 10%), mp 83–86 ◦C (MeOH); [a]D


21 +190 (c
0.030, CHCl3); CD kextrema(MeOH) 256 (De +0.55), 283 (+3.03),
340 (+1.17), 437 (−0.59) and 482 nm (−0.15); found: [M − H]−,
257.0818. C15H14O4 requires: [M − H]−, 257.0814; kmax(MeOH) 212
(log e 4.25), 246 (3.72), 273 (3.76) and 417 nm (3.27); dH(400 MHz)
1.37 (3H, d, J 6.3, 3-Me), 1.58 (3H, d, J 6.6, 1-Me), 2.24 (1H, ddd,
J 18.8, 10.0 and 3.9, 4-Hax), 2.74 (1H, dt, J 18.8 and 2.5, 4-Heq),
3.59 (1H, ddq, J 10.0, 2.5 and 6.3, 3-H), 4.85 (1H, ddq, J 3.9, 2.5
and 6.6, 1-H), 7.24 (1H, dd, J 8.0 and 1.5, 8-H), 7.60 (1H, dd, J 8.0
and 7.6, 7-H), 7.63 (1H, dd, J 7.6 and 1.5, 6-H) and 12.01 (1H, s,
9-OH); m/z (EI) 258 {[M]+, 7}, 115 (26), 92 (28), 77 (24), 71 (24),
69 (40), 67 (27), 65 (34), 64 (24), 63 (52), 57 (99), 56 (33), 55 (100),
53 (30) and 51 (38); m/z (ESI–) 257.0 [M − H]−.


(1R,3S)-9-Methoxy-1,3-dimethyl-3,4,5,10-tetrahydro-1H-
naphtho[2,3-c]pyran-5,10-dione (eleutherin) 1


To a solution of (1R,3S)-benzoquinone 14 (55 mg, 0.20 mmol)
in benzene (1 mL) was added 1-methoxy-1,3-cyclohexadiene 23
(69 mg, 0.63 mmol) and the mixture was heated at reflux for
1 h. After removal of the solvent under reduced pressure, the
residual oil was dissolved in dichloromethane (2 mL), triethy-
lamine (0.2 mL) was added and the mixture stirred at room
temperature overnight. The solution was washed with 1 M HCl
(2 × 1 mL), dried (MgSO4) and concentrated under reduced
pressure. The crude adduct was heated at 150 ◦C for 30 min and,
after cooling, the residual oil was purified by preparative thin layer
chromatography (dichloromethane–ethyl acetate 95 : 5) followed
by gel filtration (Sephadex LH20, methanol–dichloromethane, 1 :
1) and crystallization from methanol to give eleutherin 1 as yellow
needles (7 mg, 13%), mp 140–145 ◦C (lit.6 mp 175 ◦C); [a]D


22 +291
(c 0.10, CHCl3) {lit.6 [a]D


15 +346 (c 1.01, CHCl3)}; mmax (KBr) 3055,
2985, 1699, 1660 and 1587 cm−1; kmax(MeOH) 245 (log e 4.18), 272
(3.94), 348 (3.47) and 391 nm (3.45); dH(400 MHz) 1.36 (3H, d, J
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6.3, 3-Me), 1.53 (3H, d, J 6.6, 1-Me), 2.20 (1H, ddd, J 18.3, 10.3
and 3.7, 4-Hax), 2.75 (1H, dt, J 18.3 and 2.7, 4-Heq), 3.58 (1H, m,
3-H), 3.99 (3H, s, 9-OMe), 4.85 (1H, m, 1-H), 7.27 (1H, d, J 8.5,
8-H), 7.64 (1H, dd, J 8.5 and 7.8, 7-H) and 7.73 (1H, d, J 7.8,
6-H); dC(100 MHz) 20.8, 21.2, 29.9, 56.5, 68.7, 70.3, 117.7, 119.0,
120.3, 134.0, 134.6, 139.9, 148.7, 159.4, 183.8 and 184.1; m/z (EI)
272 {[M]+, 17}, 257 (30), 76 (25), 45 (35), 44 (21), 43 (100) and 41
(22).


(1R,3S)-7-Hydroxy-1,3-dimethyl-3,4,5,10-tetrahydro-1H-
naphtho[2,3-c]pyran-5,10-dione 20


To a solution of (1R,3S)-benzoquinone 14 (32 mg, 0.12 mmol) in
dry benzene (2 mL) was added 1-methoxy-3-trimethylsiloxybuta-
1,3-diene 24 (41 mg, 0.24 mmol). The mixture was stirred at
60 ◦C for 24 h, concentrated and purified by preparative thin
layer chromatography (toluene–ethyl formate–formic acid, 50 :
49 : 1) followed by gel filtration (Sephadex LH20, methanol–
dichloromethane, 1 : 1) to give (1R,3S)-7-hydroxynaphthoquinone
20 (15 mg, 49%), isolated as a yellow solid, mp 228 ◦C (dec.)
(MeOH); [a]D


15 +290 (c 0.050, EtOH); CD kextrema(MeOH) 270
(De +0.25), 285 (+7.36), 375 (+0.51), 428 (−0.68) and 482 nm
(+0.02); found: [M − H]−, 257.0812. C15H14O4 requires: [M − H]−,
257.0814; kmax(MeOH) 208 (log e 4.20), 266 (4.16) and 395 nm
(3.05); dH(400 MHz) 1.37 (3H, d, J 6.2, 3-Me), 1.55 (3H, d, J 6.6,
1-Me), 2.25 (1H, ddd, J 18.4, 10.2 and 3.9, 4-Hax), 2.75 (1H, dt, J
18.4 and 2.6, 4-Heq), 3.60 (1H, ddq, J 10.2, 2.6 and 6.2, 3-H), 4.85
(1H, ddq, J 3.9, 2.6 and 6.6, 1-H), 6.09 (1H, s, 7-OH), 7.14 (1H,
dd, J 8.4 and 2.6, 8-H), 7.50 (1H, d, J 2.6, 6-H) and 7.98 (1H, d,
J 8.4, 9-H); dC(100 MHz) 20.9, 21.2, 30.3, 68.8, 70.2, 112.4, 120.9,
125.8, 129.3, 133.7, 142.0, 147.2, 161.0, 183.1 and 184.4; m/z (EI)
258 {[M]+, 65}, 243 (52), 229 (29), 225 (35), 215 (26), 213 (27), 197
(42), 187 (23), 185 (20), 157 (33), 141 (20), 131 (23), 129 (21), 128
(43), 127 (25), 121 (40), 120 (27), 115 (48), 93 (23), 92 (64), 77 (33),
69 (22), 66 (21), 65 (61), 64 (37), 63 (100), 62 (24), 57 (33), 55 (46),
53 (39) and 51 (46); m/z (ESI–) 257.1 [M − H]−.


(1R,3S)-9-Hydroxy-7-methoxy-1,3-dimethyl-3,4,5,10-tetrahydro-
1H-naphtho[2,3-c]pyran-5,10-dione (ventiloquinone L) 8


To a solution of (1R,3S)-benzoquinone 14 (37 mg, 0.14 mmol) in
benzene (2 mL) was added 1,3-dimethoxy-1-trimethylsiloxybuta-
1,3-diene 25 (83 mg, 0.41 mmol) in benzene (2 mL). The mixture
was stirred at 60 ◦C for 100 min, then silica gel (0.5 g) was
added and the suspension was stirred for a further 2.5 h at room
temperature. The mixture was filtered and the filter cake was
washed with ethyl acetate (20 mL). The filtrate was concentrated
under reduced pressure and the residual oil was purified by column
chromatography (dichloromethane–1% formic acid) followed by
gel filtration (Sephadex LH20, methanol–dichloromethane, 1 : 1)
to give (1R,3S)-ventiloquinone L 8 (16 mg, 41%) as orange needles,
mp 116–118 ◦C from methanol–dichloromethane (lit.8 mp 126 ◦C,
benzene–hexane); [a]D


26 +420 (c 0.009, CHCl3) {lit.8 [a]D
30 +387.1


(c 0.01, CHCl3)}; CD kextrema(MeOH) 268 (De +0.21), 296 (+5.26),
409 (−0.09) and 451 nm (+0.47); found: [M]+, 288.0997. C16H16O5


requires: [M]+, 288.0998; kmax(MeOH) 220 (log e 4.46), 270 (4.09),
290 sh (3.93) and 423 nm (3.51); dH(400 MHz) 1.36 (3H, d, J 6.4,
3-Me), 1.57 (3H, d, J 6.6, 1-Me), 2.22 (1H, ddd, J 18.6, 10.2 and
3.9, 4-Hax), 2.73 (1H, dt, J 18.6 and 2.6, 4-Heq), 3.57 (1H, ddq, J


10.2, 2.6 and 6.4, 3-H), 3.89 (3H, s, 7-OMe), 4.82 (1H, ddq, J 3.9,
2.6 and 6.6, 1-H), 6.61 and 7.15 (each 1H, d, J 2.4, 6-H and 8-H)
and 12.25 (1H, s, 9-OH); dC(100 MHz) 21.19, 21.20, 30.6, 56.0,
68.6, 69.8, 106.2, 107.6, 109.6, 133.3, 143.2, 146.7, 164.3, 165.8,
183.1 and 187.5; m/z (EI) 288 {[M]+, 100}, 273 (55), 259 (30), 255
(20), 244 (20) and 69 (29).


(1R,3S)-7,9-Dihydroxy-1,3-dimethyl-3,4,5,10-tetrahydro-1H-
naphtho[2,3-c]pyran-5,10-dione (3-epi-4-deoxyquinone A) 21


To a solution of (1R,3S)-benzoquinone 14 (140 mg,
0.52 mmol) in benzene (5 mL) was added 1-methoxy-1,3-
bis(trimethylsiloxy)buta-1,3-diene 26 (900 mg, 3.46 mmol) in
benzene (3 mL) and the reaction mixture was stirred at room
temperature overnight. Silica (1.0 g) was added and the suspension
was stirred for 18 h. The suspension was concentrated under
reduced pressure and column chromatography (ethyl acetate then
ethyl acetate–1% formic acid) gave a yellow band that was collected
and concentrated under reduced pressure. The residual oil was
dissolved in dichloromethane (20 mL) and washed sequentially
with sodium bicarbonate (3 × 20 mL) and 3.0 M sodium hydroxide
(3 × 20 mL). The combined basic extracts were acidified with
conc. hydrochloric acid and extracted with dichloromethane (3 ×
20 mL). Drying (MgSO4) and concentration of the solution
gave an oil that was purified by column chromatography (light
petroleum → ethyl acetate) to give 3-epi-4-deoxyquinone A 21 as
yellow needles (34 mg, 24%), mp 127–129 ◦C (dichloromethane–
light petroleum); [a]D


23 +526 (c 0.050, CHCl3); CD kextrema(MeOH)
240 (De +1.98), 262 (+0.38), 297 (+5.46), 410 (−0.26) and 452 nm
(+0.57); found: [M]+, 274.0834. C15H14O5 requires: [M]+, 274.0841;
mmax (KBr) 3414, 2978, 2936, 2901, 2873, 2855, 1637 and 1609 cm−1;
kmax(CHCl3) 270 (log e 4.16), 288 (3.97) and 433 nm (3.57);
dH(400 MHz) 1.37 (3H, d, J 6.1, 3-Me), 1.58 (3H, d, J 6.6, 1-
Me), 2.24 (1H, ddd, J 18.6, 10.0 and 3.9, 4-Hax), 2.72 (1H, dt, J
18.6 and 2.5, 4-Heq), 3.60 (1H, ddq, J 10.0, 2.5 and 6.1, 3-H), 4.84
(1H, ddq, J 3.9, 2.5 and 6.6, 1-H), 7.09 (1H, br s, 7-OH), 6.62 and
7.15 (each 1H, d, J 1.8, 6-H and 8-H) and 12.19 (1H, s, 9-OH);
dC(100 MHz) 21.1, 21.2, 30.5, 68.7, 69.9, 108.3, 108.6, 109.7, 133.5,
142.9, 147.1, 162.7, 164.3, 183.5 and 187.3; m/z (EI) 274 {[M]+,
100}, 259 (59), 245 (38), 241 (24), 231 (26), 230 (30), 229 (21), 213
(22), 137 (21), 69 (43) and 51 (28).


(1S,3S)-7,9-Dihydroxy-1,3-dimethyl-3,4,5,10-tetrahydro-1H-
naphtho[2,3-c]pyran-5,10-dione (ent-deoxyquinone A) 30


(1R,3S)-Pyranonaphthoquinone 21 (7 mg, 0.03 mmol) in
dichloromethane (10 mL) was cooled to −78 ◦C. To this solution
was added boron tribromide (1.2 M in dichloromethane, 0.5 mL)
over 2 min. The mixture was allowed to stir for 5 min at
−78 ◦C, then was warmed to 0 ◦C and stirred for a further
5 min. The reaction was quenched by the addition of sat. aq.
sodium bicarbonate (10 mL) and extracted with chloroform
(3 × 20 mL). The combined organic extracts were washed with
brine (1 × 20 mL), dried (MgSO4) and concentrated at reduced
pressure. The orange residue was purified by preparative thin layer
chromatography (75 : 24 : 1 toluene–ethyl formate–formic acid)
to give two fractions. The most mobile fraction was identified
as unreacted (1R,3S)-pyranoquinone 21 (0.6 mg, 9%). The less
mobile fraction was identified as ent-deoxyquinone A 30 (0.8 mg,
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11%), isolated as an orange solid, mp 147–149 ◦C (acetone); [a]D
18


−210 (c 0.0028, EtOH); CD kextrema(MeOH) 226 (De +2.15), 247
(−0.94), 256 (−0.66), 265 (−0.93), 268 (−0.77), 276 (−1.15), 311
(+0.16), 355 (−0.35), 406 (−0.20) and 445 nm (−0.34); found:
[M]+, 274.0848. C15H14O5 requires: [M]+, 274.0841; kmax(MeOH)
219 (log e 4.21), 231 sh (3.94), 273 (3.87), 290 (3.80) and 441 nm
(4.3); dH(400 MHz) 1.35 (3H, d, J 6.4, 3-Me), 1.56 (3H, d, J 6.8,
1-Me), 2.22 (1H, ddd, J 19.3, 10.0 and 2.0, 4-Hax), 2.72 (1H, dd,
J 19.3 and 3.4, 4-Heq), 3.99 (1H, ddq, J 10.0, 3.4 and 6.4, 3-H),
5.00 (1H, dq, J 2.0 and 6.8, 1-H), 6.03 (1H, br s, 7-OH), 6.61 and
7.10 (each 1H, d, J 2.4, 6-H and 8-H) and 12.22 (1H, s, 9-OH);
dC(100 MHz) 19.8, 21.5, 29.9, 62.4, 67.0, 108.1, 108.3, 109.7, 133.7,
141.9, 146.8, 162.3, 164.3, 183.2 and 186.8; m/z (EI) 274 {[M]+,
28}, 259 (26), 137 (22), 108 (30), 91 (29), 83 (21), 81 (25), 79 (24),
77 (38), 71 (32), 69 (100), 67 (30), 65 (37), 63 (31), 57 (81), 55 (86),
53 (43), 52 (24), 51 (64) and 50 (24); m/z (ESI–) 274.1 [M]− and
273.1 [M− H]−.


Diels–Alder reaction of (1R,3S)-benzoquinone 14 with diene 27


To a solution of (1R,3S)-benzoquinone 14 (140 mg,
0.52 mmol) in benzene (5 mL) was added 1,3,4-trimethoxy-1-
trimethylsiloxybuta-1,3-diene 27 (840 mg, 3.62 mmol) in ben-
zene (2 mL). The reaction was stirred at room temperature
overnight then silica gel (0.5 g) was added and the suspension
was stirred for 70 min, filtered through a silica pad (ethyl
acetate–1% formic acid) and the orange band was collected
and concentrated under reduced pressure. The resulting oil
was purified by repeated column chromatography (toluene–ethyl
formate–formic acid, 50 : 49 : 1, light petroleum–ethyl acetate
and ethyl acetate–1% formic acid) and gel filtration (Sephadex
LH20, 100% methanol or methanol–dichloromethane, 1 : 1) to
give a total of six compounds with differing spectroscopic data,
listed below in order of decreasing mobility when subjected to
thin layer chromatography (toluene–ethyl formate–formic acid,
50 : 49 : 1).


Ventiloquinone L 8 (trace), the spectroscopic data for this
compound matched both those recorded for the independently
synthesized material described earlier and data reported for the
natural product;8 (1R,3S)-9-desmethyl ventiloquinone E 4, an
orange solid (0.5 mg, 0.3%), mp 180 ◦C (dec.) (MeOH); [a]D


22 +270
(c 0.025, CHCl3); CD kextrema(MeOH) 232 (De −0.31), 256 (+1.36),
277 (+0.62), 296 (+1.38), 417 (−0.12) and 449 nm (+0.01); found:
[M]+, 318.1105. C17H18O6 requires: [M]+, 318.1103; kmax(MeOH)
223 (log e 4.32), 275 (3.90) and 442 nm (3.41); dH(400 MHz) 1.36
(3H, d, J 6.3, 3-Me), 1.57 (3H, d, J 6.6, 1-Me), 2.20 (1H, ddd, J
18.8, 10.3 and 3.6, 4-Hax), 2.79 (1H, ddd, J 18.8, 2.7 and 2.4, 4-
Heq), 3.56 (1H, ddq, J 10.3, 2.4 and 6.3, 3-H), 3.87 and 3.94 (each
3H, s, 6- and 7-OMe), 4.82 (1H, ddq, J 3.6, 2.7 and 6.6, 1-H),
6.65 (1H, s, 8-H) and 13.04 (1H, s, 9-OH); m/z (EI) 318 {[M]+,
33}, 303 (37), 273 (23), 260 (22), 259 (27), 257 (26), 245 (28), 241
(24), 217 (23), 115 (37), 95 (21), 91 (27), 77 (37), 69 (100), 67 (25),
66 (33), 65 (47), 63 (31), 59 (51), 55 (37), 53 (71) and 51 (32);
m/z (ESI–) 317.1 [M − H]−; (1R,3S)-ventiloquinone G 6, a red
solid (1.2 mg, 0.8%), mp 220 ◦C (dec.) (MeOH) (lit.7 mp 183 ◦C,
methanol–light petroleum); [a]D


28 +115 (c 0.0075, methanol) {lit.7


[a]D
18 +720 (c 0.10, MeOH)}; CD kextrema(MeOH) 273 (De +0.23),


311 (−0.10), 358 (+0.12) and 388 nm (−0.01); found: [M − H]−,
289.0725. C15H14O6 requires: [M − H]−, 289.0712; kmax(MeOH)


206 (log e 3.79), 243 (3.55), 308 (3.04), 490 sh (2.97), 519 (3.09),
553 (3.05) and 590 sh nm (2.65); dH(400 MHz) 1.40 (3H, d, J 6.4,
3-Me), 1.64 (3H, d, J 6.3, 1-Me), 2.42 (1H, ddd, J 17.6, 10.5 and
2.7, 4-Hax), 2.88 (1H, dt, J 17.6 and 2.2, 4-Heq), 3.63 (1H, ddq,
J 10.5, 2.2 and 6.4, 3-H), 5.04 (1H, tq, J 2.5 and 6.3, 1-H), 6.35
(1H, s, 8-H), 7.35 (1H, br s, 7-OH), 11.96 and 13.48 (each 1H, s,
5- and 10-OH); m/z (ESI–) 289.1 [M − H]−; (1R,3S)-7-desmethyl
ventiloquinone E 3, which was isolated as an orange solid (0.4 mg,
0.2%); [a]D


23 +370 (c 0.020, MeOH); kmax(MeOH) 220 (log e 4.29),
267 (4.00), 292 sh (3.89) and 454 nm (3.29); dH(400 MHz) 1.35 (3H,
d, J 6.1, 3-Me), 1.52 (3H, d, J 6.6, 1-Me), 2.13 (1H, ddd, J 18.1,
10.2 and 3.6, 4-Hax), 2.75 (1H, dt, J 18.1 and 2.4, 4-Heq), 3.55 (1H,
ddq, J 10.2, 2.4 and 6.1, 3-H), 3.90 and 3.93 (each 3H, s, 6- and 9-
OMe), 4.82 (1H, tq, J 3.6 and 6.6, 1-H), 6.68 (1H, br s, 7-OH) and
6.88 (1H, s, 8-H); dC(100 MHz) 20.7, 21.3, 29.7, 56.6, 62.1, 68.8,
70.1, 104.3, 113.7, 125.1, 139.9, 140.5, 148.0, 155.9, 158.0, 182.5
and 183.7; (1R,3S)-ventiloquinone G 7-O-methyl ether 7 (0.5 mg,
0.3%), a red pigment with mp 225 ◦C (dec.) (MeOH); [a]D


22 +271
(c 0.025, CHCl3); CD kextrema(MeOH) 225 (De +2.36), 248 (+0.49),
261 (+0.64), 304 (−1.47), 387 (+0.81) and 454 nm (−0.02); found:
[M]+, 304.0955. C16H16O6 requires: [M]+, 304.0947; kmax(MeOH)
227 (log e 4.23), 302 (3.59), 502 (3.50), 535 (3.42) and 570 sh nm
(3.09); dH(400 MHz) 1.39 (3H, d, J 6.1, 3-Me), 1.64 (3H, d, J 6.3,
1-Me), 2.40 (1H, ddd, J 17.6, 10.3 and 2.5, 4-Hax), 2.88 (1H, dt, J
17.6 and 2.2, 4-Heq), 3.62 (1H, ddq, J 10.3, 2.2 and 6.1, 3-H), 3.94
(3H, s, 7-OMe), 5.01 (1H, tq, J 2.5 and 6.3, 1-H), 6.21 (1H, s, 8-H),
12.76 and 13.36 (each 1H, s, 5- and 10-OH); m/z (EI) 304 {[M]+,
7}, 71 (28), 69 (61), 67 (30), 59 (25), 57 (95), 56 (29), 55 (100) and
51 (24); m/z (ESI–) 303.1 [M − H]−; and the yellow trimethyl ether
(1R,3S)-ventiloquinone E 2 (trace); dH(300 MHz) 1.34 (3H, d, J
6.1, 3-Me), 1.50 (3H, d, J 6.6, 1-Me), 2.11 (1H, ddd, J 18.3, 10.3
and 3.7, 4-Hax), 2.78 (1H, dt, J 18.3 and 2.4, 4-Heq), (∼3.6 signal
obscured), 3.87 (3H, s, 7-OMe), 3.97 (6H, s, 6- and 9-OMe), 4.80
(1H, ddq, J 3.7, 2.4 and 6.6, 1-H) and 6.72 (1H, s, 8-H).
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From a structure–activity relationship perspective, the new indolocarbazoles 11 and 12 have been
synthesized and evaluated biologically as novel Chk1 inhibitors. Compounds 11 and 12 were
synthesized in high yield from indole via bisindolylmaleimides 18 and 24.


Introduction


Cell cycle checkpoints are activated in response to DNA damage
thereby delaying cell cycle progression in order to provide more
time for DNA repair. Cell cycle arrest in G1 or S phase prevents
replication of damaged DNA, while arrest at G2 prevents damaged
chromosomes from being segregated in mitosis; thus preventing
the propagation of genetic abnormalities. Inhibition of the G2
checkpoint has attracted widespread interest because most cancer
cells have an inoperative G1 checkpoint. The activity of the G1
checkpoint is dependent on the p53 tumor suppressor protein
which is deleted or mutated in more than 50% of all cancers.
Although cells with defective p53 are unable to activate the G1
checkpoint in response to DNA damage, they retain the ability to
arrest in S and G2. This provides the cells with an opportunity
to repair their DNA and thereby survive and grow. The S and
G2 checkpoints are regulated by various kinases among which
checkpoint kinase 1 (Chk1) plays a major role. Inhibitors of Chk1
preferentially abrogate cell cycle arrest in p53-defective cells and
selectively sensitize cancer cells with mutated p53 to killing by
DNA-damaging agents. Therefore, combining a Chk1 inhibitor
with a DNA damaging agent should selectively drive p53-defective
cells into a premature and lethal mitosis.1


UCN-01 (1), the synthetic 7-hydroxy derivative of the non-
selective PKC inhibitor staurosporine (2),2 generated considerable
interest in our laboratory when it was found to be a potent inhibitor
of DNA damage-induced S and G2 cell cycle checkpoints, which
led to increased killing of tumor cells (Fig. 1).3 Although UCN-01
is well recognized as a protein kinase C inhibitor,4 this checkpoint
inhibition was attributed to its ability to inhibit Chk1.5 Unfortu-
nately, UCN-01 binds avidly to human serum proteins thereby
compromising its potential therapeutic activity.6 Accordingly,
we screened other indolocarbazoles to identify analogues with
improved therapeutic potential. Initially, a K252a (3) analogue,
ICP-1 (4), was synthesized and tested, and was found to overcome
the problem of protein binding but it had considerably reduced
potency.7


More recently, we found that Gö6976 (5) is a very potent check-
point inhibitor even in the presence of human serum,8 and this
has also been attributed to the inhibition of Chk1.9 Additionally,


aDepartment of Chemistry, Dartmouth College, Hanover, NH 03755, USA.
E-mail: ggribble@dartmouth.edu; Fax: 603-646-3946; Tel: 603-646-3118
bDepartment of Pharmacology and Toxicology, Dartmouth Medical School,
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Gö6976 (5) abrogated S and G2 arrest at a concentration sub-
stantially lower than that required to inhibit PKC. Interestingly,
UCN-01 (1) did not demonstrate this selectivity for checkpoint
inhibition. Accordingly, we initiated a synthetic program to
develop novel analogues rationally designed to overcome the
obstacles observed with the other analogues. During our screening
to identify novel inhibitors of Chk1, we found that ICP-103 (6) is
also a potent checkpoint inhibitor.10 Therefore, we have focused
our investigation on this class of molecules as potential inhibitors
of Chk1. We synthesized two nitrile analogues of ICP-103, ICP-
106 (7) and ICP-109 (8), with variable lengths of the nitrile arm to
investigate the effect of the nitrile chain-length on Chk1 activity
(Fig. 2).11 We find that ICP-106 (7) and ICP-109 (8) are less potent
than ICP-103 (6) at abrogating DNA damage-induced cell cycle
arrest. From this activity data for the nitrile analogues 7 and 8,
it was found that a three-carbon nitrile chain provided maximum
activity. We then synthesized a novel amide analogue of ICP-103,
ICP-112 (9), bearing the same number of carbons in the amide
arm.11 However, in this latter study we found that a cyano group
is the more desirable functionality than an amide for activity since
ICP-112 (9) was found to be less active than ICP-103 (6).


In the course of our structure–activity relationship studies on
ICP-103 analogues, we have synthesized and tested two new
amine analogues related to the known PKC inhibitor GF109203x12


(Gö6850, 10), ICP-121 (11) and ICP-125 (12) (Fig. 3). We wanted
to further explore the SAR by replacing the nitrile with an amine.
We decided to maintain the same three-carbon spacer between the
indole nitrogen and the functional group nitrogen as in ICP-103
(6) due to its high activity compared to ICP-106 (7) and ICP-109
(8).


We herein describe the synthesis of compounds 11 and 12,
and briefly report the biological activity of these two novel
indolocarbazoles.


Results and discussion


Towards the synthesis of 11, we alkylated the indole nitrogen
with 1,3-dibromopropane13 in the presence of KOH to furnish
13 (Scheme 1). A small amount (10%) of 1-allylindole was
also recovered from the reaction mixture. Compound 13 was
then treated with di-tert-butyl-iminodicarboxylate and caesium
carbonate to produce fully protected amine 14 in 99% yield. The
key starting material 14 can be prepared alternatively using 15 with
sodium hydride in DMF–THF. Compound 15 was synthesized
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Fig. 1 Indolocarbazoles 1–4.


Fig. 2 Gö6976 analogues.


Fig. 3 GF109203x analogues.


from 1,3-dibromopropane and di-tert-butyl-iminodicarboxylate
in the presence of sodium hydride.14 N-Alkylation of indole-3-
acetic acid using methyl iodide in the presence of excess sodium
hydride gave 1-methylindole-3-acetic acid (16) in 94% yield.10


Amine 14 was treated with oxalyl chloride in dichloromethane to
furnish the glyoxylyl chloride which was immediately treated with
1-methylindole-3-acetic acid (16) in the presence of triethylamine
to produce anhydride 17 in 30% yield in two steps from 14
(Scheme 2).15 Loss of one Boc group was observed during this


reaction sequence. The anhydride 17 was subsequently converted
to the imide 18 by exposure to HMDS and MeOH in DMF
in 99% yield.16 During our synthesis of ICP-106 (7), we found
that the final oxidative cyclization was quite challenging for the
bisindolylmaleimide with substituents present on both N-12 and
N-13.17 Low yields are registered in most cases and the isolation
of the final product is difficult from the complex reaction mixture.
However, in some cases, palladium(II) trifluoroacetate was found
to be superior for this cyclization.11 To our delight, heating


Scheme 1
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Scheme 2


bisindolylmaleimide 18 in DMF in the presence of palladium(II)
trifluoroacetate gave 19 in 80% yield. Finally, deprotection of the
Boc-group using an ethereal solution of 1M HCl in methanol gave
the target compound 11 in essentially quantitative yield.


Our target compound 12 was synthesized in a similar fashion.
Boc-Protection of 3-bromopropylamine hydrobromide furnished
20 in 92% yield (Scheme 3).18 Compound 20 was then used
to alkylate indole to give compound 21. Compound 21 was
methylated with iodomethane in the presence of sodium hydride to
produce 22. Fully protected amine 22 was subjected to the coupling
reaction with 1-methylindole-3-acetic acid (16) which produced
the desired anhydride 23 in 32% yield. Conversion of anhydride 23
to imide 24 was achieved using HMDS and MeOH in 99% yield.
Bisindolylmaleimide 24 was then subjected to the challenging
oxidative cyclization reaction using palladium(II) trifluoroacetate.
To our extreme satisfaction, we obtained the desired product 25 in
excellent yield. This is the highest yield we have obtained so far for
this otherwise capricious cyclization step. Finally, deprotection of
the Boc group furnished the target compound 12.


In work to be reported separately, we find that ICP-125 (12)
exhibits high potency in an assay using flow cytometry analysis.
Thus, ICP-125 (12) abrogates S phase arrest at 100 nM indicating
the compound is inhibiting Chk1. However, ICP-121 (11) was
tested up to 10 lM and found to be inactive in the same assay.
These values can be compared to the efficacy of Gö6976 (5) of
30 nM and efficacy of ICP-103 (6) of 100 nM in the same assay.


In summary, we have synthesized ICP-125 (12) and find it to be
a potent Chk1 inhibitor. We have found that Pd(II) catalyzed ox-
idative cyclization is much more effective for bisindolylmaleimides
bearing an amine group. Also, we find that a secondary amine or
a nitrile are more desirable than a primary amine or amide on the
chain. Work is in progress in our laboratory with other nitrogen-
bearing functionalities and these will be reported in due course.


Experimental


Melting points were determined with a Mel-Temp Laboratory
Device apparatus and are uncorrected. IR spectra were recorded
on a Perkin-Elmer 600 series FTIR spectrophotometer. 1H-and
13C-NMR spectra were recorded on either a Varian XL-300 or
500 Fourier transform NMR spectrometer. Both low- and high
resolution mass spectra were carried out at the Mass Spectrometry
Laboratory, School of Chemical Sciences, University of Illinois at
Urbana Champaign. Anhydrous THF and CH2Cl2 were prepared
by a solvent purification system. All other solvents (analytical
grade) including anhydrous solvents and reagents were used
as received. All experiments were performed under a nitrogen
atmosphere unless otherwise stated.


1-(3-Bromopropyl)-1H-indole (13)


To a stirred solution of indole (1.17 g, 10 mmol) and freshly
powdered KOH (88%, 0.64 g, 10 mmol) in DMF (25 mL) was
added 1,3-dibromopropane (6.06 g, 30 mmol) in DMF (25 mL)
in one portion. The mixture was stirred at rt for 24 h. Water
(100 mL) was added and extracted with ether (3 × 75 mL). The
organic phase was washed with water (100 mL), dried (MgSO4)
and concentrated in vacuo. The residue was purified by column
chromatography on silica gel (initially pet. ether; then 15 : 1 pet.
ether : ether) to furnish the desired product (1.21 g, 51%) as a
colorless oil: IR (thin film): 3051, 2939, 1611, 1511, 1461, 1314,
1258, 1229, 742 cm−1; 1H-NMR (CDCl3): d 7.71–7.73 (m, 1H),
7.45 (d, 1H, J = 8.3 Hz), 7.29–7.32 (m, 1H), 7.19–7.22 (m, 2H),
6.58 (d, 1H, J = 2.9 Hz), 4.38 (t, 2H, J = 6.3 Hz), 3.35 (t, 2H,
J = 6.3 Hz), 2.39 (2H, qn, J = 6.3 Hz); 13C-NMR (CDCl3): d
135.9, 128.8, 128.1, 121.8, 121.2, 119.6, 109.4, 101.6, 44.0, 32.8,
30.7.
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Scheme 3


A small amount of 1-allylindole was recovered as a colorless
oil19 (0.16 g, 10%) which came in earlier fractions during column
chromatography: 1H-NMR (CDCl3): d 7.78–7.82 (m, 1H), 7.44–
7.47 (m, 1H), 7.33–7.38 (m, 1H), 7.24–7.30 (m, 1H), 7.20 (d,
1H, J = 3.2 Hz), 6.04–6.16 (m, 1H), 5.29–5.34 (m, 1H), 5.16–
5.24 (m, 1H), 4.79–4.82 (m, 2H); 13C-NMR (CDCl3): d 136.2,
133.6, 128.8, 128.0, 121.7, 121.1, 119.6, 117.3, 109.7, 101.5,
48.9.


Bis(1,1-dimethylethyl)(3-bromopropyl)imidodicarbonate (15)


To a stirred solution of di-tert-butyl-iminodicarboxylate (1.09 g,
5 mmol) in THF : DMF (40 mL, 3 : 1) was added sodium hydride
(60% dispersion in mineral oil, 0.21 g, 5.25 mmol). The mixture was
heated at 65 ◦C for 2.5 h, 1,3-dibromopropane (2.3 mL, 22.5 mmol)
was added, and the mixture was stirred for 3 h. It was cooled to 0 ◦C
and ether (50 mL) was added. Excess hydride was destroyed by the
dropwise addition of water. The organic phase was washed with
water (2 × 50 mL) and dried (MgSO4). The solvent was evaporated
and the residue was purified by column chromatography on silica
gel (initially 98 : 2 hexanes : ether; then 1 : 1 hexanes : ether) to
yield the desired product (1.06 g, 63%) as a colorless oil: IR (thin
film): 3265, 2973, 1688, 1490, 1297, 1118, 1076 cm−1; 1H-NMR


(CDCl3): d 3.68–3.73 (m, 2H), 3.39 (t, 2H, J = 6.7 Hz), 2.08–2.18
(m, 2H); 13C-NMR (CDCl3): d 152.6, 82.7, 45.4, 32.3, 30.6, 28.2.


Bis(1,1-dimethylethyl)[3-(1H-indolyl)propyl]imidodicarbonate (14)


From 13. Compound 13 (0.26 g, 1.1 mmol), di-tert-butyl-
iminodicarboxylate (0.22 g, 1 mmol) and caesium carbonate
(0.33 g, 1 mmol) in DMF (10 mL) were stirred for 6 h at
70 ◦C. Water (40 mL) was added and extracted with ethyl acetate
(3 × 25 mL). The organic phase was washed with water (2 ×
25 mL) and dried (Na2SO4). The solvent was evaporated and the
residue was purified by column chromatography on silica gel (4 :
1 hexanes : ethyl acetate) to furnish the desired product (0.37 g,
99%) as a colorless oil.


From 15. To a stirred suspension of NaH (60% dispersion in
mineral oil, 0.22 g, 5.5 mmol) in DMF (15 mL) at 0 ◦C was added
dropwise a solution of indole (0.41 g, 3.5 mmol) in DMF (10 mL).
After stirring the mixture at 0 ◦C for 30 min, a solution of 15
(1.59 g, 4.7 mmol) in DMF : THF (20 mL, 1 : 1) was added. The
mixture was allowed to reach rt and stirring was continued for
36 h. It was then cooled to 0 ◦C and water (50 mL) was added very
slowly. The aqueous layer was extracted with ethyl acetate (2 ×
50 mL). The organic phase was washed with water (3 × 50 mL)
and brine (50 mL), and dried (Na2SO4). The crude product was


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 3228–3234 | 3231







purified by column chromatography on silica gel (4 : 1 hexanes :
ethyl acetate) to yield the desired product (0.65 g, 50%) as a
colorless oil.


IR (thin film): 2977, 2933, 1787, 1745, 1696, 1366, 1146, 1126,
740 cm−1; 1H-NMR (CDCl3): d 7.62–7.64 (m, 1H), 7.33 (d, 1H,
J = 8.3 Hz), 7.19–7.22 (m, 1H), 7.13 (d, 1H, J = 2.9 Hz), 7.08–7.12
(m, 1H), 4.16 (t, 2H, J = 7.1 Hz), 3.65 (t, 2H, J = 7.1 Hz), 2.14
(qn, 2H, J = 7.3 Hz), 1.46 (s, 18H); 13C-NMR (CDCl3): d 152.6,
136.0, 128.8, 127.8, 121.6, 121.2, 119.4, 109.3, 101.4, 82.7, 44.3,
44.1, 29.7, 28.2; LRMS (EI): m/z 374 (M+), 218, 201, 173, 144,
130 (100%); HRMS (EI): calcd for C21H30N2O4: 374.2206, found:
374. 2197.


1-Methyl-1H-indole-3-acetic acid (16)


To a stirred suspension of NaH (6.0 g, 150 mmol, 60% mineral
oil dispersion) in THF (125 mL) at 0 ◦C was added a solution
of indole-3-acetic acid (5.25 g, 30 mmol) in THF (50 mL). After
stirring the mixture for 30 min at 0 ◦C, a solution of methyl iodide
(14.2 g, 100 mmol) in THF (50 mL) was added dropwise. The
mixture was allowed to slowly reach rt and stirring was continued
for 16 h. The reaction mixture was then cooled to 0 ◦C and
excess hydride was carefully destroyed by slow addition of MeOH
(5 mL) with vigorous stirring, followed by cold water until a clear
yellow solution resulted. Ether (100 mL) was added. The aqueous
phase was separated, acidified with 6 N HCl and extracted with
dichloromethane (3 × 100 mL). The combined dichloromethane
extracts were dried (Na2SO4) and concentrated to about 40–
50 mL. Pet. ether was then added slowly until a brownish
colored solid completely precipitated out. The crude solid was
recrystallized from ethanol to give the desired product (5.33 g,
94%) as a pale brown solid: mp 127–128 ◦C (lit20 127–129 ◦C); IR
(thin film): 3059, 2933, 1699, 1617, 1474 cm−1; 1H-NMR (CDCl3):
d 7.64–7.62 (m, 1H), 7.34–7.26 (m, 2H), 7.19–7.15 (m, 1H), 7.07 (s,
1H), 3.83 (s, 2H), 3.78 (s, 3H); 13C-NMR (CDCl3): d 178.8, 137.0,
128.1, 127.7, 122.0, 119.5, 119.1, 109.5, 106.2, 32.9, 31.2.


1,1-Dimethylethyl(3-{3-[2,5-dihydro-4-(1-methyl-1H-indol-3-yl)-
2,5-dioxo-3-furanyl]-1H-indol-1-yl}propyl)carbamate (17)


To a stirred solution of 14 (0.37 g, 1.0 mmol) in dichloromethane
(10 mL) at 0 ◦C was added dropwise oxalyl chloride (0.09 mL,
1.05 mmol). After stirring for 45 min at 0 ◦C, the solvent was evap-
orated in vacuo. The residue was redissolved in dichloromethane
(10 mL) and added dropwise to a stirred solution of 16
(0.19 g, 1.0 mmol) and triethylamine (0.28 mL, 2 mmol) in
dichloromethane (5 mL) at rt. The mixture was stirred at rt for 10 h.
The solvent was evaporated and the crude residue was purified by
column chromatography on silica gel (98 : 2 dichloromethane :
methanol) to furnish the desired product (149 mg, 30%) as a dark
red solid: mp 99–101 ◦C; IR (thin film): 2977, 1817, 1750, 1704,
1527, 1252, 1171, 740 cm−1; 1H-NMR (DMSO-d6): d 7.98 (s, 1H),
7.88 (s, 1H), 7.52 (d, 1H, J = 8.2 Hz), 7.47 (d, 1H, J = 8.2 Hz),
7.07–7.11 (m, 2H), 6.97–7.00 (m, 2H), 6.78 (t, 1H, J = 7.6 Hz),
6.69–6.73 (m, 2H), 4.25 (t, 2H, J = 6.7 Hz), 3.89 (s, 3H), 2.90 (q,
2H, J = 6.4 Hz), 1.83 (qn, 2H, J = 6.7 Hz), 1.38 (s, 9H); LRMS
(EI): m/z 499 (M+), 425, 399 (100%), 356, 312, 283, 269, 249, 191,
158, 107, 77; HRMS (EI): calcd for C29H29N3O5: 499.2107, found:
499.2112.


1,1-Dimethylethyl(3-{3-[2,5-dihydro-4-(1-methyl-1H-indol-3-yl)-
2,5-dioxo-1H-pyrrol-3-yl]-1H-indol-1-yl}propyl)carbamate (18)


To a stirred solution of 17 (0.25 g, 0.5 mmol) in DMF (2.5 mL)
at rt was added HMDS (1.1 mL, 5 mmol) and methanol (0.1 mL,
2.5 mmol). The flask was tightly sealed and the mixture was stirred
at rt for 24 h. The mixture was poured into water (25 mL) and
extracted with ethyl acetate (2 × 25 mL) and dried (MgSO4). The
solvent was evaporated and the residue was purified by column
chromatography on silica gel (95 : 5 dichloromethane : methanol)
to yield the desired product (246 mg, 99%) as a dark red solid: mp
112–114 ◦C; IR (thin film): 2969, 1755, 1703, 1610, 1531, 1333,
1170, 740 cm−1; 1H-NMR (DMSO-d6): d 10.93 (s, 1H), 7.86 (s,
1H), 7.76 (s, 1H), 7.45 (d, 1H, J = 8.2 Hz), 7.40 (d, 1H, J = 8.2
Hz), 6.97–7.04 (m, 3H), 6.89 (d, 1H, J = 7.9 Hz), 6.61–6.70 (m,
3H), 4.23 (t, 2H, J = 6.7 Hz), 3.86 (s, 3H), 2.90 (q, 2H, J = 6.1 Hz),
1.83 (qn, 2H, J = 6.6 Hz, 1.38 (s, 9H); LRMS (ESI+): m/z 521
[M + Na]+, 499 [M + H]+; HRMS (ESI+): calcd for C29H31N4O4


[M + H]: 499.2345, found: 499.2341.


1,1-Dimethylethyl[12-(3-aminopropyl)-12,13-dihydro-13-methyl-
5H-indolo[2,3-a]pyrrolo[3,4-c]carbazole-5,7-(6H)-
dione]carbamate (19)


A mixture of 18 (25 mg, 0.05 mmol) and palladium(II) triflu-
oroacetate (84 mg, 0.25 mmol) in DMF (3 mL) was heated at
90 ◦C for 2.5 h. The mixture was cooled to rt and ethyl acetate
(25 mL) was added. The organic phase was washed with 0.5 N
HCl (50 mL), water (50 mL) and dried (Na2SO4). The solution was
filtered through Hyflo and purified by column chromatography on
silica gel (95 : 5 dichloromethane : methanol) to yield the desired
product (20 mg, 80%) as a yellow fluorescent solid: mp 213–215 ◦C
(dec); IR (thin film): 3203, 1755, 1698, 1575, 1450, 1317, 1163,
745 cm−1; 1H-NMR (DMSO-d6): d 11.12 (s, 1H), 9.10–9.14 (m,
2H), 7.87 (d, 1H, J = 8.2 Hz), 7.75 (d, 1H, J = 8.2 Hz), 7.60–7.67
(m, 2H), 7.38–7.43 (m, 2H), 6.76 (t, 1H, J = 5.3 Hz), 4.79 (t, 2H,
J = 7.5 Hz), 4.21 (s, 3H), 2.65 (q, 2H, J = 6.1 Hz), 1.67 (qn,
2H, J = 6.9 Hz), 1.24 (s, 9H); LRMS (ESI+): m/z 497 [M + H]+;
HRMS (ESI+): calcd for C29H29N4O4 [M + H]: 497.2189, found:
497.2169.


12-(3-Aminopropyl)-12,13-dihydro-13-methyl-5H-indolo[2,3-a]-
pyrrolo[3,4-c]carbazole-5,7-(6H)-dione hydrochloride (11)


To a solution of 19 (15 mg, 0.03 mmol) in methanol (2 mL) at rt
was added dropwise 1 M HCl in ether (9 mL). The mixture was
stirred at rt for 5 h. The solvent was evaporated and the residue
was recrystallized from methanol to furnish the desired product
(12.8 mg, 99%) as a yellow solid: mp >300 ◦C (dec.); 1H-NMR
(DMSO-d6): d 11.18 (s, 1H), 9.16 (d, 1H, J = 7.6 Hz), 9.13 (d, 1H,
J = 7.9 Hz), 7.97 (d, 1H, J = 8.5 Hz), 7.80 (d, 1H, J = 8.2 Hz),
7.65–7.70 (m, 5H), 7.44 (t, 2H, J = 7.6 Hz), 4.89 (t, 2H, J = 7.3
Hz), 4.25 (s, 3H), 2.46–2.49 (m, 2H), 1.78 (qn, 2H, J = 7.6 Hz);
13C-NMR (DMSO-d6): d 170.8, 170.7, 144.9, 143.7, 133.3, 131.8,
127.7, 127.5, 124.9, 124.5, 122.9, 121.8, 121.5, 121.2, 121.1, 120.1,
119.6, 118.7, 112.4, 111.4, 45.6, 36.8; LRMS (ESI+): m/z 397
[(M − HCl) + H]+; HRMS (ESI+): calcd for C24H21N4O2 [(M −
HCl) + H]: 397.1665, found: 397.1662.
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1,1-Dimethylethyl(3-bromopropyl)carbamate (20)


To a stirred solution of 3-bromopropylamine hydrobromide
(2.20 g, 10 mmol) and Boc-anhydride (2.18 g, 10 mmol) in
dichloromethane (50 mL) at 0 ◦C was added dropwise triethy-
lamine (2.89 mL, 20 mmol). The solution was stirred at the same
temperature for 15 min. The mixture was allowed to reach rt and
stirred for 7 h. The mixture was washed with water (2 × 50 mL)
and dried (Na2SO4). The solvent was evaporated and the residue
was purified by column chromatography on silica gel (initially
hexanes; then 1 : 1 hexanes : ethyl acetate) to furnish the desired
product (2.19 g, 92%) as a colorless oil which slowly solidified at
−4 ◦C: mp: 38–40 ◦C (lit.21 33–34 ◦C); IR (thin film): 3252, 2969,
1685, 1490, 1450, 1298, 1119, 1076 cm−1; 1H-NMR (CDCl3): d
3.44 (t, 2H, J = 6.6 Hz), 3.27 (t, 2H, J = 6.6 Hz), 2.04 (qn, 2H,
J = 6.6 Hz), 1.44 (s, 9H); 13C-NMR (CDCl3): d 156.1, 32.9, 31.0,
28.6, 27.6.


1,1-Dimethylethyl[3-(1H-indol-1-yl)propyl]carbamate (21)


To a stirred solution of NaH (60% dispersion in mineral oil, 0.24 g,
6 mmol) in DMF (25 mL) at 0 ◦C was added dropwise indole
(1.19 g, 5 mmol) dissolved in DMF (15 mL). After the addition,
the mixture was heated at 80 ◦C for 1 h. It was then cooled to
0 ◦C. Then, a solution of 20 (1.31 g, 5.5 mmol) in DMF (10 mL)
was added dropwise and stirred at 0 ◦C for 30 min. The mixture
was then allowed to reach rt and stirring was continued for 18 h.
The DMF was evaporated and the oily residue was dissolved
in ethyl acetate (100 mL). The organic phase was washed with
water (3 × 50 mL) and brine (50 mL), and dried (Na2SO4). The
solvent was evaporated and the residue was purified by column
chromatography on silica gel (2 : 1 hexanes : ethyl acetate) to
furnish the desired product (1.03 g, 75%) as a colorless oil: IR (thin
film): 3350, 2974, 2932, 1694, 1512, 1462, 1250, 1171, 742 cm−1;
1H-NMR (CDCl3): d 7.74 (d, 1H, J = 8.1 Hz), 7.38–7.41 (m, 1H),
7.28–7.33 (m, 1H), 7.19–7.24 (m, 1H), 7.16 (d, 1H, J = 3.3 Hz),
6.59 (d, 1H, J = 2.9 Hz), 4.78 (brs, 1H), 4.16 (t, 2H, J = 6.9 Hz),
3.12 (m, 2H), 2.01 (qn, 2H, J = 6.9 Hz), 1.56 (s, 9H); 13C-NMR
(CDCl3): d 156.1, 135.9, 128.7, 127.9, 121.6, 121.1, 119.4, 109.3,
101.3, 79.4, 43.7, 38.2, 30.5, 28.5; LRMS (EI): m/z 274 (M+), 218,
201, 156, 144, 130 (100%), 117; HRMS (EI): calcd for C16H22N2O2:
274.1681, found: 274.1685.


1,1-Dimethylethyl[3-(1H-indol-1-yl)propyl]methylcarbamate (22)


To a stirred solution of NaH (60% dispersion in mineral oil, 0.26 g,
6.4 mmol) in THF (20 mL) at 0 ◦C was added dropwise a solution
of 21 (0.88 g, 3.2 mmol) in THF (10 mL). The mixture was
stirred at the same temperature for 45 min. Then iodomethane
(0.32 mL, 5.1 mmol) was added dropwise. After the addition, the
solution was slowly allowed to warm to rt and stirred for 20 h. The
solution was cooled to 0 ◦C and the excess hydride was destroyed
by the dropwise addition of ice-cold water. Dichloromethane
(100 mL) was added and the organic phase was washed with
water (2 × 50 mL) and brine (50 mL), and dried (Na2SO4). The
solvent was evaporated and the residue was purified by column
chromatography on silica gel (2 : 1 hexanes : ethyl acetate) to
furnish the desired product (0.77 g, 84%) as a yellowish oil: IR
(thin film): 2974, 2930, 1694, 1482, 1464, 1393, 1365, 1170, 1147,
741 cm−1; 1H-NMR (CDCl3): d 7.69–7.71 (m, 1H), 7.39 (d, 1H,


J = 8.3 Hz), 7.24–7.30 (m, 1H), 7.14–7.20 (m, 2H), 6.56 (d, 1H, J =
2.7 Hz), 4.18 (t, 2H, J = 7.2 Hz), 3.32 (t, 2H, J = 6.8 Hz), 2.88 (s,
3H), 2.07–2.16 (m, 2H), 1.51 (s, 9H); 13C-NMR (CDCl3): d 156.1,
136.1, 129.0, 127.9, 121.8, 121.3, 119.6, 109.5, 101.5, 79.9, 46.7,
44.1, 34.5, 28.7; LRMS (EI): m/z 288 (M+), 232, 215, 156, 144, 131
(100%), 117; HRMS (EI): calcd for C17H24N2O2: 288.1838, found:
288.1844.


1,1-Dimethylethyl(3-{3-[2,5-dihydro-4-(1-methyl-1H-indol-3-yl)-
2,5-dioxo-3-furanyl]-1H-indol-1-yl}propyl)methylcarbamate (23)


To a stirred solution of 22 (1.44 g, 5 mmol) in dichloromethane
(50 mL) at 0 ◦C was added dropwise oxalyl chloride (0.45 mL,
5.1 mmol). The mixture was stirred at the same temperature
for 20 min. Then the solvent was evaporated and the residue
was redissolved in dichloromethane (50 mL) and added dropwise
to a stirred solution of 16 (0.95 g, 5 mmol) and triethylamine
(1.52 mL, 10 mmol) in dichloromethane (20 mL) at rt. The
solution was stirred for 12 h. The solvent was evaporated and
the residue was purified by column chromatography on silica gel
(98 : 2 dichloromethane : methanol) to furnish the desired product
(0.81 g, 32%) as a dark-red solid: mp 81–83 ◦C; IR (thin film):
2973, 2932, 1816, 1752, 1689, 1528, 1255, 1147, 740 cm−1; 1H-
NMR (DMSO-d6): d 7.99 (s, 1H), 7.85 (s, 1H), 7.50 (t, 2H, J =
9.3 Hz), 7.06–7.14 (m, 2H), 7.01 (d, 1H, J = 8.1 Hz), 6.79 (t, 1H,
J = 7.5 Hz), 6.67–6.73 (m, 2H), 4.22 (t, 2H, J = 6.8 Hz), 3.89 (s,
3H), 3.14 (m, 2H), 2.74 (s, 3H), 1.93 (m, 2H), 1.28–1.39 (m, 9H);
LRMS (ESI+): m/z 536 [M + Na]+, 514 [M + H]+; HRMS (ESI+):
calcd for C30H32N3O5 [M + H]: 514.2342, found: 514.2336.


1,1-Dimethylethyl(3-{3-[2,5-dihydro-4-(1-methyl-1H-indol-3-yl)-
2,5-dioxo-1H-pyrrol-3-yl]-1H-indol-1-yl}propyl)methylcarbamate
(24)


To a stirred solution of anhydride 23 (257 mg, 0.5 mmol) in
DMF (2 mL) were added HMDS (1.1 mL, 5 mmol) and methanol
(0.1 mL, 2.5 mL). The reaction flask was tightly closed and the
mixture was stirred for 36 h. It was poured into cold water (50 mL)
and extracted with ethyl acetate (3 × 50 mL). The organic phase
was washed with water (2 × 50 mL) and dried (Na2SO4). The
solvent was evaporated and the residue was purified by column
chromatography on silica gel (95 : 5 dichloromethane : methanol)
to furnish the desired product (253 mg, 99%) as an orange-red
solid: mp 215–217 ◦C; IR (thin film): 3218, 2972, 1755, 1701, 1532,
1332, 1147, 739 cm−1; 1H-NMR (DMSO-d6): d 10.94 (s, 1H), 7.86
(s, 1H), 7.74 (s, 1H), 7.39–7.46 (m, 2H), 6.99–7.06 (m, 2H), 6.94
(d, 1H, J = 8.1 Hz), 6.68–6.72 (m, 2H), 6.58–6.63 (m, 1H), 4.19
(t, 2H, J = 6.8 Hz), 3.85 (s, 3H), 3.13 (m, 2H), 2.73 (s, 3H), 1.92
(m, 2H), 1.29–1.39 (m, 9H); LRMS (ESI+): m/z 513 [M + H]+;
HRMS (ESI+): calcd for C30H33N4O4 [M + H]: 513.2502, found:
513.2501.


1,1-Dimethylethyl{12-(3-aminopropyl)-12,13-dihydro-13-methyl-
5H-indolo[2,3-a]pyrrolo[3,4-c]carbazole-5,7-(6H)-
dione}methylcarbamate (25)


A mixture of imide 24 (26 mg, 0.05 mmol) and palladium(II)
trifluoroacetate (84 mg, 0.25 mmol) in DMF (3 mL) was heated at
90 ◦C for 2 h. The mixture was cooled and poured into ethyl acetate
(25 mL). The organic phase was washed with 0.5 N HCl (50 mL),
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water (2 × 50 mL), dried (Na2SO4) and filtered through Hyflo. The
filtrate was concentrated and purified by column chromatography
on silica gel (95 : 5 dichloromethane : methanol) to furnish the
desired product (24 mg, 94%) as a yellow solid: mp 208–210 ◦C
(dec.); IR (thin film): 3221, 2973, 1755, 1716, 1694, 1450, 1316,
1158, 744 cm−1; 1H-NMR (acetone-d6): d 9.84 (s, 1H), 9.18–9.22
(m, 2H), 7.79 (d, 1H, J = 8.2 Hz), 7.69 (d, 1H, J = 8.2 Hz),
7.58–7.64 (m, 2H), 7.34–7.39 (m, 2H), 4.84 (m, 2H), 4.27 (s,
3H), 2.87 (m, 2H), 2.64 (s, 3H), 1.83–1.89 (m, 2H), 1.26–1.41 (m,
9H); LRMS (ESI+): m/z 533 [M + Na]+, 511 [M + H]+; HRMS
(ESI+): calcd for C30H30N4O4Na [M + Na]: 533.2165, found:
533.2169.


12,13-Dihydro-12-methyl-13-{3-[(1-methyl)amino]propyl}-5H-
indolo[2,3-a]pyrrolo[3,4-c]carbazole-5,7-(6H)-dione hydrochloride
(12)


To a stirred solution of 25 (15 mg, 0.03 mmol) in methanol (2 mL)
was added 1 M HCl in ether (9 mL). The mixture was stirred at
rt for 5 h. Then the solvent was evaporated and the residue was
purified by recrystallization from methanol to yield the desired
product (13.2 mg, 98%) as a yellow solid: mp >290 ◦C (dec.); 1H-
NMR (DMSO-d6): d 11.17 (s, 1H), 9.16 (d, 1H, J = 7.9 Hz), 9.12
(d, 1H, J = 7.9 Hz), 8.61 (brs, 2H), 7.97 (d, 1H, J = 8.2 Hz), 7.79
(d, 1H, J = 8.2 Hz), 7.64–7.69 (m, 2H), 7.44 (t, 2H, J = 7.5 Hz),
4.88 (t, 2H, J = 7.5 Hz), 4.25 (s, 3H), 2.67 (m, 2H), 2.35 (s, 3H),
1.83–1.87 (m, 2H); 13C-NMR (DMSO-d6): d 170.8, 170.7, 144.8,
143.6, 133.2, 131.7, 127.7, 127.5, 124.9, 124.5, 122.9, 121.8, 121.5,
121.2, 121.1, 120.2, 119.6, 118.7, 112.4, 111.4, 45.5, 45.4, 36.8,
32.3, 24.7; LRMS (ESI+): m/z 411 [(M − HCl) + H]+; HRMS
(ESI+): calcd for C25H23N4O2 [(M − HCl) + H]: 411.1821, found:
411.1817.
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Novel a-aminoalkylated conjugated nitroalkenes which in-
hibit human cervical cancer (HeLa) cell proliferation by bind-
ing to tubulin were synthesized by imidazole/LiCl-mediated
reaction of conjugated nitroalkenes with N-tosylimines.


Introduction of hydroxyalkyl, aminoalkyl and analogous sub-
stituents at a vinylic carbon a to an activating group via a one-pot
reaction between an activated alkene and an electrophile under the
influence of a catalyst, generally a Lewis base, is of considerable
current interest.1–4 This convenient and atom-economical method-
ology, commonly known as the Morita–Baylis–Hillman (MBH)
reaction, has become an attractive strategy for the synthesis
of diverse multifunctional molecules.2,4 Although a variety of
activated alkenes has been employed as substrates in more than
three decades of the MBH reaction,2 an olefin activated by a nitro
group has received attention only recently.5 As for the electrophiles,
activated imines are the most sought after ones for the MBH
reaction, besides aldehydes, by virtue of their electrophilicity and
ability to provide aminoalkylated activated alkenes, usually with a
new chiral center.2,6 Among the activated imines, N-sulfonylated
imine remained particularly attractive ever since it was introduced
by Perlmutter and Teo,7 and aminoalkylation of a,b-unsaturated
ketones (both cyclic and acyclic),8 esters,9 aldehydes10 and nitriles11


mediated by several tertiary amines, phosphines and Lewis acids
such as lanthanide triflates, TiCl4, titanium isopropoxide, etc., has
been reported.12


Although formaldehyde and a variety of 1,2-dicarbonyl com-
pounds reacted well as electrophiles with conjugated nitroalkenes,5


simple aliphatic and aromatic aldehydes were not amenable for
the MBH reaction of nitroalkenes under a variety of conditions.
Therefore, we envisaged that such aldehydes, upon transformation
to activated imines, would be suitable for aminoalkylation of
nitroalkenes thus offering a novel entry into 1,2-diamines, a-amino
ketones and several other synthetically useful building blocks.


The reaction conditions for obtaining the best yield of the
aminoalkylated products were optimized using 2-nitrovinylfuran
(2-NVF) 1a and N-benzylidene-4-methylbenzenesulfonamide 2a
as model substrates in the presence of various tertiary amines
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and tertiary phosphines in stoichiometric amounts (Scheme 1, see
also the ESI†). Various aprotic and protic polar solvents and co-
catalysts were also systematically screened to establish optimum
reaction conditions. From these experiments, imidazole13 and
LiCl14 emerged as the best catalyst and co-catalyst, respectively,
in dioxan as solvent.15 Thus, the MBH adduct 3a was obtained
in 69% yield when nitroalkene 1a and tosylimine 2a were stirred
at room temperature for three days in the presence of 50 mol%
imidazole and 0.5 M LiCl in 1,4-dioxan.


Scheme 1


Having optimized the conditions for the reaction of our model
substrate 2-NVF 1a and N-tosylimine 2a, we extended the scope
of nitroalkenes 1 and N-tosylimines 2 as shown in Table 1. Thus,
2-NVF 1a was reacted with N-tosylimines 2b and 2c to afford the
MBH adducts 3b and 3c in relatively low yields (25 and 23%),
respectively (Table 1, entries 2 and 3). Treatment of 3-NVF 1b
with N-tosylimines 2a and 2c provided the adducts 3d (38%) and
3e (15%), respectively (Table 1, entries 4 and 5). Reaction of 2-
thienyl nitroethylene 1c with tosylimines 2a and 2c also led to the
formation of the novel MBH adducts 3f and 3g in low to moderate
yields (Table 1, entries 6 and 7). Formation of the MBH adducts
3h–3k in low yield was encountered when 3-thienyl nitroethylene
1d and substituted nitrostyrenes 1e–g were reacted with tosylimine
2a.


It is discernible from Table 1 that although the model substrates
1a and 2a provided the MBH adduct 3a in good yield (69%, entry
1) under the optimized conditions, i.e. 50 mol% imidazole, 0.5 M
LiCl in 1,4-dioxan, reactions of other aromatic and heteroaromatic
nitroalkenes 1b–g with 2a and other N-tosylimines 2b,c were not
impressive (entries 2–11). In fact, satisfactory yields of the MBH
adducts were isolated only in cases 1b + 2a (38%) and 1c + 2c
(35%). It is also obvious that these reactions are extremely sluggish,
taking 3–9 days for completion, and such long reaction times
appeared detrimental to the stability of the substrates, especially
N-tosylimines 2, and their MBH adducts 3. All our attempts to
accelerate the reaction and to enhance the chemical yields by
employing conditions such as sonication, microwave irradiation
and high pressure proved, on the whole, futile.


The structural and stereochemical assignments of 3 were per-
formed by extensive NMR experiments (see ESI†). For instance,
analysis of the 1H NMR and 1H–1H COSY spectra of 3a suggested
that the doublets appearing at d 6.55 and 8.62 (J = 8.6 Hz)
were due to the benzylic proton and the adjacent N–H proton,


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 3211–3214 | 3211







Table 1 MBH reaction of nitroalkenes 1 with N-tosylimines 2 in 1,4-dioxan in the presence of imidazole and LiCl


Entry Nitroalkene 1 (Ar) N-tosylimine 2 (Ar′) Time/d MBH adduct 3 Yield (%)a


1 1a (2-Furyl) 2a (Ph) 3 3a 69 b


2 1a (2-Furyl) 2b (4-OMePh) 8 3b 25 b


3 1a (2-Furyl) 2c (2-Furyl) 4 3c 23 b


4 1b (3-Furyl) 2a (Ph) 3 3d 38 c


5 1b (3-Furyl) 2c (2-Furyl) 4 3e 15 c


6 1c (2-Thienyl) 2a (Ph) 4 3f 17 b


7 1c (2-Thienyl) 2c (2-Furyl) 4 3g 35 c


8 1d (3-Thienyl) 2a (Ph) 4 3h 19 c


9 1e (4-OMePh) 2a (Ph) 9 3i 18 c


10 1f [3,4-(OMe)2Ph] 2a (Ph) 3 3j 21 b


11 1g [3,4-(OCH2O)Ph] 2a (Ph) 4 3k 17 c


a Isolated yield of 3 after purification by silica gel column chromatography. b 1 and 2 were taken in 1 : 1 ratio; no further improvement in the yield when
excess 2 was used. c 1 and 2 were taken in 1 : 1.5 ratio; the yields were lower when 1 and 2 were taken in 1 : 1 ratio; no further improvement in the yield
when >1.5 equiv. of 2 was used; no appreciable amounts of nitroalkene 1 were recovered in any of the cases.


respectively. The singlet appearing at d 7.94 was assigned to the
olefinic proton. All other peaks appearing in the range d 6.7–8.1
were assigned to the aromatic protons. The ring protons of furyl,
phenyl and tolyl groups were further distinguished. While one
of the furyl protons overlaps with the five phenyl protons at d
7.28, the other two appear at d 6.80 and 8.05. The two doublets
appearing at d 7.20 and 7.57 (J = 8.2 Hz) were assigned to the
tolyl protons. In the light of the assignment of all the protons
in 3a the 1H–1H NOESY spectrum was analyzed in order to
assign the geometry of the double bond. Thus, positive NOE
interactions observed between (a) the furyl protons and the tolyl
protons and (b) the furyl protons and the benzylic proton (next
to N–H) suggested (E) stereochemistry for the double bond.
However, the presence of NOE between the olefinic proton and
the tolyl proton and the absence of any NOE between the furyl
protons and the phenyl protons coupled with the non-availability
of the other geometrical isomer for comparison prompted us to
resort to X-ray crystallography for further confirmation of the
stereochemistry (Fig. 1).16 There are two independent molecules
in the asymmetric unit and the values of the torsion angles which
establish the E-configuration are −2.1(8) and −2.3(8)◦. After
having unambiguously established the double bond geometry in
3a to be (E) by single crystal X-ray analysis (a dihedral angle of


Fig. 1 ORTEP diagram of MBH adduct 3a (the probability chosen for
the ellipsoids is 50%).


close to 0◦ between C13 and C16 was obtained from X-ray data),
the (E) geometry has been assigned, by analogy, to all other MBH
adducts 3b–k.


The effect of MBH compounds 3a–k on human cervical
cancer (HeLa) cells was examined by incubating HeLa cells with
1, 5 and 10 lM of the different aminoalkylated products for
24 h. Some of the tested compounds produced a concentration-
dependent inhibition of cell proliferation (Table 2).17 Among


Table 2 Percentage inhibition of HeLa cell proliferation by MBH adducts 3a–k


Entry 3 (Ar, Ar′)
Inhibition of HeLa cell proliferation (%)


1 lM 5 lM 10 lM


1 3a (2-Furyl, Ph) 17 ± 4 44 ± 1 67 ± 3
2 3b (2-Furyl, 4-OMePh) 18 ± 1 25 ± 4 34 ± 3
3 3c (2-Furyl, 2-Furyl) 20 ± 3 32 ± 5 42 ± 2
4 3d (3-Furyl, Ph) 14 ± 2 28 ± 2 77 ± 5
5 3e (3-Furyl, 2-Furyl) 19 ± 6 33 ± 3 65 ± 3
6 3f (2-Thienyl, Ph) 25 ± 3 49 ± 2 73 ± 5
7 3g (2-Thienyl, 2-Furyl) 20 ± 4 28 ± 1 66 ± 1
8 3h (3-Thienyl, Ph) 24 ± 3 45 ± 3 86 ± 6
9 3i (4-OMePh, Ph) 11 ± 5 23 ± 4 40 ± 5


10 3j [3,4-(OMe)2Ph, Ph] 24 ± 2 35 ± 3 83 ± 3
11 3k [3,4-(OCH2O)Ph, Ph] 17 ± 1 29 ± 2 61 ± 2


3212 | Org. Biomol. Chem., 2006, 4, 3211–3214 This journal is © The Royal Society of Chemistry 2006







these, 3a, 3f and 3h were found to be potent inhibitors of HeLa
cell proliferation producing >40% inhibition at 5 lM. MBH
adducts 3h and 3j also produced substantial (>80%) inhibition
of cell proliferation at 10 lM concentrations. The antiproliferative
activity of these agents are comparable to those of the known
anticancer agents like noscapine,18 estramustine19 and 2-methoxy
estradiol.20 These agents exert anticancer activity by targeting
tubulin/microtubules.21 MBH compounds 3a, 3f and 3h decreased
the intrinsic tryptophan fluorescence of tubulin (Fig. S1, ESI†),
indicating that these agents bind to tubulin. Further, 3a, 3f and 3h
were found to inhibit microtubule assembly in vitro (see Fig. S2,
ESI†).


Immunofluorescence studies reveal that compounds 3a, 3f
and 3h depolymerized cellular microtubules (Fig. 2, see also
Fig. S3 in the ESI†). Untreated cells displayed a regular network
of interphase microtubules and a normal mitotic spindle with
proper metaphase chromosome alignment in the mitotic cells.
Cells treated with 10 lM of 3a and 3f showed depolymerization
of interphase microtubules. In cells treated with 10 lM of
3h, interphase microtubules were completely depolymerized and
tubulin aggregates were observed in these cells. At 20 lM each
of 3a, 3f and 3h, interphase microtubule network was completely
absent. DAPI staining reveals that the nuclear morphology of cells
treated with 20 lM of the tested compounds was also disorganized.


Fig. 2 Effect of MBH adduct 3a on interphase microtubules.


In conclusion, activated imines, namely, N-tosylimines, re-
acted as electrophiles in the Morita–Baylis–Hillman reaction of
conjugated nitroalkenes under the influence of imidazole and
LiCl affording novel aminoalkylated nitroalkenes. Some of these
products exhibited appreciable inhibition of human cervical cancer
(HeLa) cell proliferation at concentrations in the range of 1–10 lM
and compounds 3a, 3f and 3h inhibited microtubule assembly


both in vitro and in cells. The results indicate that compounds 3a,
3f and 3h inhibit HeLa cell proliferation probably by perturbing
microtubule assembly through tubulin binding.
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The reaction of 2-phenyl- and 1-methyl-2-phenylindole with nitrogen dioxide or with nitrous acid
(NaNO2–CH3COOH) in benzene leads mainly to the formation of the isonitroso and 3-nitroso indole
derivatives, respectively. When reacted with nitrous acid, 1-methyl-2-phenylindole gives also the
corresponding azo-bis-indole in good yields. The reaction of indole with nitrogen dioxide leads to
2-(indol-3-yl)-3H-indol-3-one as the main product together with small amounts of
2-(indol-3-yl)-3H-indol-3-oxime; whereas the major product obtained when the same indole is reacted
with nitrous acid is represented by 2-(indol-3-yl)-3H-indol-3-oxime. The reaction of 3-alkyl substituted
indoles with nitrogen dioxide is rather complex and results in the formation of different nitro indoles,
whereas nitrosation is observed when nitrous acid is used. Crystal structures of
2-(indol-3-yl)-3H-indol-3-one and of 4-nitro-N-acetyltryptamine have been determined by X-ray
analysis.


Introduction


Nitrogen monoxide (•NO) is an important physiological messenger
involved in many in vivo processes including neurotransmis-
sion, immune regulation, smooth muscle relaxation and platelet
inhibition.1 But, simultaneous to these physiologically important
pathways is the formation of reactive species that may result in
cytotoxic and mutagenic events. For example, from the reaction be-
tween •NO and superoxide (O2


•−), peroxynitrite anion (–OONO)
is formed, which is responsible for the oxidation of many types of
molecules such as sulfhydryls,2 methionine,3 ascorbate,4 DNA5


and lipids.6 Moreover, peroxynitrite may promote nitration of
aromatic molecules such as tyrosine.7 Peroxynitrite is not the sole
reactive species with deleterious effects derived from •NO. Dini-
trogen trioxide (N2O3) formed from •NO in the presence of oxygen
readily attacks thiols8 and amines9 leading to S-nitrosothiols
and N-nitrosamines, respectively. Autooxidation of •NO results
also in the formation of nitrogen dioxide (•NO2), although the
main pathways responsible for its formation are the homolytic
decomposition of peroxynitrous acid (HOONO),10 the reaction of
peroxynitrite with CO2


11 and the peroxidase-catalyzed oxidation
of nitrite.12 Since this molecule is particularly soluble in apolar
environments, such as cell membranes and hydrophobic protein
domains, the pathophysiological consequences13 of low levels of
endogenous nitrogen dioxide are currently under investigation.
It is a very reactive species which can react through different
pathways: H-atom abstraction,14 electron transfer reaction,15


addition to unsaturated bonds16 and recombination with other
radicals.17 This complex reactivity was pointed out in a previous
study18 by us on the interaction between nitrogen dioxide and
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various alkyl-substituted phenols. In particular, it was found that
many factors, such as the bond dissociation enthalpies (BDE), the
oxidation potentials, the solvent used, together with the nature
of the substrate, had to be considered in order to explain the
specific reaction pathway followed and the products obtained.
In order to gain further insights on the reactivity of nitrogen
dioxide, we extended this study to other organic compounds such
as indoles, whose structure is very common among biologically
important molecules. In fact, tryptophan, melatonin and serotonin
are all indolic compounds as well as pindolol,19 a drug with a
potential scavenging effect on •NO, –OONO and O2


•−. Therefore,
the reaction between indoles 1–3 (Chart 1) with gaseous nitrogen
dioxide was studied. Furthermore, the reactivity of the same
indoles with nitrous acid HNO2 was also considered because it
is the ultimate oxidative species derived from •NO (eqn 1–5) and
could perhaps be generated in acidic cell compartments.


•NO + O2 → ONOO• (1)


ONOO• + •NO � ONOONO (2)


ONOONO → 2•NO2 (3)


•NO + •NO2 → N2O3 (4)


N2O3 + H2O → 2 HNO2 (5)


Chart 1
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Results and discussion
Indoles 1–3 were reacted at room temperature with gaseous


nitrogen dioxide in 1 : 1 and 1 : 2 ratios or with nitrous
acid, generated in situ from the reaction between sodium nitrite
and acetic acid. In all cases, benzene was used as the solvent.
All the products obtained were identified on the basis of their
spectroscopic data or by comparison with authentic samples; for
compounds 8 and 20b X-ray analysis was also performed.


Reaction of indoles 1a, 1b and 2


When indoles 1a and 1b (2-substituted indoles) and indole 2 were
reacted in benzene with •NO2 (or N2O4) in a stoichiometric ratio or
in a 1 : 2 ratio and with nitrous acid, generated from sodium nitrite
and acetic acid, compounds reported in Scheme 1 were obtained.


Isolated products, together with the corresponding yields, are
reported in Table 1.


1-Methyl-2-phenyl-3-nitroso indole 4 and 2-phenyl-3-oxime
indole 5 (the tautomeric form of 2-phenyl-3-nitroso indole) most
likely derive from an electrophilic attack of the specific nitrosating
agent on the nucleophilic position (C-3)20 of the indole nucleus.
A nitroso indole is thus formed, but if the nuclear nitrogen is
unsubstituted, as in the case of indole 1a, it readily tautomerizes to


the isomeric 3-oxime product 5. When nitrogen dioxide was used,
the nitrosating species was represented by dinitrogen tetraoxide
N2O4. In fact, nitrogen dioxide may exist as a monomer with the
unpaired electron delocalized throughout the molecule or as a
dimer, whose structures are shown in Fig. 1.


Fig. 1 Possible chemical structures of N2O4 (the dimeric form of •NO2).


Structures C and, above all (at least in our experimental
conditions), B21 account for the nitrosating ability of dinitro-
gen tetraoxide as demonstrated by its efficient reaction with
thiols resulting in S-nitrosothiols.22 Other nucleophiles, such as
phenols,18 amines23 or, as in the present case, indoles react with the
unsymmetrical tautomer of N2O4 (ON–NO3) to form nitrosated
products.


If an excess of nitrogen dioxide was used, the reactions of indoles
1a and 1b were very fast (in 10 minutes the starting indole was
completely consumed) and nitroso (or isonitroso) indoles 5 and 4


Scheme 1


Table 1 Products obtained in the reactions of indoles 1a, 1b and 2 with nitrogen dioxide and nitrous acid with the corresponding percentage yields (in
brackets)


Products obtained in:


Indoles Gaseous •NO2 1 : 1 Gaseous •NO2 1 : 2 HNO2


1a 1a (15) 5 (85) 2 hrs 5 (70) 6a (30) 10 mins 5 (90) 4 hrs
1b 1b (20) 4 (80) 2 hrs 4 (30) 6b (70) 10 mins 1b (33) 4 (32) 7 (35) 4 hrs
2 8 (80) 9 (20) 10 mins 8 (20) 9 (80) 2 hrs
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were partially oxidized to the corresponding 3-nitro indoles 6a and
6b (Table 1). In order to check whether formation of 3-nitro indole
6b (or 6a) was a consequence of oxidation of 3-nitroso indole 4
(or 5), we separately treated the latter derivative with •NO2. TLC
analysis showed that compound 6b (or 6a) was actually formed;
this indicates that 3-nitro indoles derive from the corresponding
3-nitroso derivatives and not from a direct nitration.


Several nitrosating agents could be active when nitrous acid
was used (eqn 6–10), although in our experimental conditions
(addition of an excess of acetic acid to sodium nitrite in an aprotic
solvent and in the absence of oxygen) the electrophilic attack could
be likely due to nitrosyl acetate CH3COONO (eqn 9), a powerful
nitrosating agent.24


As reported in Scheme 1 and Table 1, the reaction of indole
1b with NaNO2–CH3COOH was characterized by the formation
of nitroso indole 4 and, in good yield, of azo-bis-indole 7. The
mechanism which leads to the formation of this latter compound
(Scheme 2) is very similar to that described previously by us for the
reaction between 1b and nitrogen monoxide.25 Nitroso compounds
have well-documented spin trapping abilities26,27 and compound
4, as such, may likely trap a •NO molecule generated during
nitrous acid decomposition (eqn 10) affording the corresponding
N-nitroso nitroxide 10. Coupling with another •NO molecule,
followed by rearrangement to nitrate arenediazonium salt 11
and reaction with the starting indole, justifies the formation of
compound 7.


CH3COOH + NaNO2 → HNO2 + CH3COONa (6)


2 HNO2 + H+ � H2NO2
+ � NO+ + H2O (7)


2 HNO2 � N2O3 + H2O � •NO2 + •NO (8)


CH3COOH + HNO2 � CH3COONO + H2O (9)


3 HNO2 → •NO + HNO3 + H2O (10)


Scheme 2


It could be observed that an electron transfer process between
indole 1a (or 1b) and NO+ (eqn 7) should be possible, in analogy
with what is reported in the literature for the nitrosation of
aromatic hydrocarbons with the nitrosonium cation.28 But, the
reaction between indole 1b and NO+ has already been studied29


and the comparison of the products obtained in the two reactions
(with HNO2 and with NO+) indicates that the mechanisms active
in the two cases are different. Moreover, azo-bis-indole 7 was


obtained from the reaction with HNO2 and not from NO+ or from
gaseous •NO2 and this fact further supports the hypothesis that
nitrosation by HNO2 or by N2O4 is an electrophilic process and
that •NO, necessary for the formation of compound 7 observed
with nitrous acid, may solely derive from the decomposition of
HNO2 as described in eqn 10. If a radical mechanism was admitted
for the reaction between 1b and •NO2 (N2O4), then compound 7
should have been isolated.


When indole 2 was reacted with nitrogen dioxide, oxidation
was the main process observed and nitrosation only a minor
path. In fact, 2-indolyl-3-one-3H-indole 8 was obtained in 80%
yield; its crystal structure is reported in Fig. 2. The reaction with
nitrous acid afforded the nitrosated product, 2-indolyl-3-oxime-
3H-indole 9 (Table 1), in almost quantitative yields. Two different
mechanisms have to be considered to justify the formation of
compounds 8 and 9: a radical path for the reaction of 2 with •NO2


(which leads to 8) and an electrophilic attack by CH3COONO to
give compound 9.


Fig. 2 An ORTEP view of compound 8 (50% probability ellipsoids).


As reported in Scheme 3, indolyl radical 13 may be considered as
the key intermediate when the reaction is carried out with gaseous
nitrogen dioxide. It may derive from a hydrogen atom abstraction
of the C-3 hydrogen of the indolenine tautomer 12, the calculated
BDE value for the H–O bond in nitrous acid30 being ca. 78 kcal
mol−1 and the BDE for the C–H bond of the sp3 carbon atom in
indolenine 1231 being 70 kcal mol−1 (hydrogen abstraction from the
nitrogen atom in the pyrrole ring would require 88 kcal mol−1).31


A coupling reaction between 13 and nitrogen dioxide (through


Scheme 3
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its oxygen atom) would lead to indol-3-one 15 which was never
isolated. In fact, a rapid nucleophilic addition32 of another indole
molecule on this intermediate followed by oxidation32b affords
compound 8.


It cannot be excluded that indolyl radical, once formed, may
react with molecular oxygen (the reactions with •NO2 were carried
out in the presence of O2) at C-333 to form a peroxyl radical which,
after dimerization and decomposition, gives the oxidized product
15 and hence 8. In order to clarify this point, the reaction between
indole 2 and •NO2 was repeated using nitrogen dioxide generated
by thermal decomposition of Pb(NO3)2 in the absence of oxygen
(data not shown). Indolinone 8 was obtained also in this case and
in the same amount as in the presence of oxygen. Thus, it may
be concluded that the coupling of indolyl radical with •NO2 is the
reaction that actually takes place.


Small amounts of 2-indolyl-3-oxime-3H-indole 9 precipitated
from the benzene reaction solution together with indolinone 8
when indole 2 was reacted with nitrogen dioxide. This means that
electrophilic nitrosation by •NO2 (or its dimer) of indole may take
place as described above for the other indoles, although it is clear
that coupling of indolyl radical with nitrogen dioxide (through
the oxygen atom, as described in Scheme 3) remains the favoured
reaction pathway. No differences were observed if different indole–
•NO2 ratios were used.


2-Indolyl-3-oxime-3H-indole 9 was the product isolated, in very
high yields (ca. 80%), in the presence of NaNO2–CH3COOH. Ni-
trosation (most likely by nitrosyl acetate, as discussed above) was
the process occurring also in this case, but indole-3-one oxime 17
(the tautomer of 3-nitrosoindole, the expected product) was never
isolated. Similarly to compound 15, it is a highly reactive species
which readily undergoes 1,2-nucleophilic addition of an indole
molecule followed by oxidation giving the isonitroso derivative 9
(Scheme 4). In addition to this latter compound, indolinone 8 was
also isolated (20%). It was formed, through the mechanism shown
in Scheme 3, as a consequence of the presence of nitrogen dioxide
in the reaction milieu after the equilibria described in eqn 8.


Scheme 4


From the analysis of the results reported in the present section, it
may be observed that nitrosation is the favoured reaction path for
indoles 1a, 1b and 2 in both reaction conditions. The nitrosating
agent is most likely represented by N2O4 when the reactions are
carried out with gaseous •NO2 and by CH3COONO using the
NaNO2–CH3COOH system. In both cases, an electrophilic attack
of these species on the nucleophilic indole molecules leads to the
isolated products. Only in the reaction of indole 2 with •NO2 a


different mechanism (a radical one) is active and it likely proceeds
through a hydrogen atom transfer step.


Reaction of indoles 3a–c


The reaction of 3-alkyl substituted indoles (3-methylindole 3a, N-
acetyltryptamine 3b and N-benzoyltryptamine 3c) with nitrogen
dioxide or nitrous acid was also studied in order to better
understand the reactivity of this class of biologically impor-
tant compounds (tryptophan, melatonin or serotonin are all 3-
substituted indoles) towards reactive nitrogen–oxygen species.
Unfortunately, the results obtained were not so straightforward
as in the cases discussed above. In fact, when indoles 3a–c were
reacted with •NO2(N2O4), complex crude reaction mixtures were
obtained in all cases (with the three different indoles used and in
both the ratios, 1 : 1 or 1 : 2) and, even after chromatography, only
few products were identified. In all cases, the corresponding yields
were less than 2%. The identified products are represented by nitro
derivatives and it means that nitration occurs even when nitrogen
dioxide is used in a stoichiometric ratio and, unlike reactions with
indoles 1a and 1b, no nitroso derivatives are formed. In fact,
when the crude reaction mixtures were examined by 1H NMR
spectroscopy, the peaks due to the 1-nitroso derivatives were not
observed in the spectra. The isolated nitro compounds are 4- and
6-nitro-3-substituted indoles 20 and 21. The crystal structure of
4-nitro-N-acetyl-tryptamine 20b is reported in Fig. 3. 1-Nitro-3-
substituted indoles 22 are also likely to be formed and 1-nitro-
N-acetyl-tryptamine 22b was tentatively identified although the
exact structure is yet to be determined. A mass spectrum shows
that 22b is a nitro derivative of N-acetyl-tryptamine, confirming
the molecular mass (m/z = 247, M+) with the radical m/z = 201
[M–NO2]; the 1H NMR spectrum shows approximately the same
d values as the corresponding 1-NO derivative 23b but only one
conformer (see discussion below).


Fig. 3 An ORTEP view of compound 20b (50% probability ellipsoids).


As shown in Scheme 5, a free radical mechanism most likely
occurs: an initial hydrogen abstraction from the nitrogen atom
of the indole ring by nitrogen dioxide leads to the formation
of an indolyl radical 19 in which the unpaired electron may be
delocalized throughout the molecule. In analogy with the literature
reports for melatonin (another 3-alkyl substituted indole),34 one
may assume that hydrogen atom abstraction is a feasible process
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Scheme 5


due to the stabilization of the indolyl radical and in particular of
the nitrogen-centred radical, despite the first step being slightly
endothermic. The radical intermediate resulting from hydrogen
atom abstraction at N1 is, in fact, the most stable of all the possible
radicals.35 Coupling of indolyl radical with another •NO2 molecule
leads to the formation of the different nitro indoles identified.


An electron transfer process followed by deprotonation of the
radical cation initially formed may be an alternative route to
indolyl radical. In fact, nitrogen dioxide is a good hydrogen
abstractor and also a good oxidant [E◦ ′(•NO2–NO2


−) = 0.99 V
vs. NHE],36 thus it may react with indoles 3a–c (the reduction po-
tentials for the corresponding indolyl radical cations, E◦ ′(indolyl
radical, H+–indole), are ca. 1 V)37 leading to the corresponding
indolyl radical cations which, in the reaction medium, are in
equilibrium with the corresponding indolyl radicals. One cannot
exclude that the mechanism for direct nitration of indoles 3a–c
could be similar to that reported in the literature for aromatic
hydrocarbons,38 which describes the formation of an electron
donor–acceptor complex followed by an electron transfer within
the complex (Scheme 6). The radical cation thus formed may
rapidly homolytically react with •NO2 affording the nitrated
products.


Scheme 6


As already stated, reactions between nitrogen dioxide and
indoles 3a–c were particularly complex: mixtures of different
compounds difficult to isolate were obtained. Since the three
indoles behaved in the same way, only the reaction of 3b is reported
as a representative of the 3-alkyl indoles.


The results obtained in these reactions are, at least partially,
in agreement with the data found in the literature concerning the
reaction of biologically relevant indoles, such as tryptophan or
melatonin, with reactive nitrogen species, RNS. In fact, nitration
is the process observed in all cases, both in the reactions described
here as well in the literature reports;34,39 1-nitro indoles are formed
together with 4- and 6-nitro indoles and, as reported in ref. 39c,


1-nitro derivatization is obtained directly from the starting indole.
However, the formation of 1-nitroso indoles, due to the nitrosating
ability of N2O4, was never observed in our experiments, contrary
to that reported for the reaction between N-acetyl tryptophan
or melatonin and nitrogen dioxide described in ref. 39c or 43.
Noteworthy is the fact that the majority of literature reports on
this subject deal with the reaction of these indoles with •NO
in the presence of oxygen, and hence in the presence of both
•NO and •NO2, or with peroxynitrite in aqueous solutions, which
generates •NO2 during its decomposition, but never directly with
nitrogen dioxide. This may be the reason for the different results
obtained in the present work. In fact, if •NO and •NO2 are
simultaneously present in the same reaction milieu, the formation
of N2O3 (eqn 4), a nitrosating agent, has to be taken into account
and hence it is likely that nitroso indoles may derive from the
action of N2O3 instead of •NO2. When peroxynitrite is used,
nitrosation of melatonin39a,40 and of secondary amines41 easily
occurs in aqueous solution especially at alkaline pH, reaction
conditions completely different from those used in the present
study. In addition, several reactive species are formed during the
decomposition of peroxynitrite (OH•, CO3


•−, etc.) and this fact
may justify the formation of oxidation products, as described for
melatonin.40,42


N-Nitroso indoles 23a–c were the sole products isolated when
3a–c were reacted with NaNO2–CH3COOH: they were obtained
in 80% yield together with 20% of starting indole (even after
24 hours the reactions did not go to completion). As described
above for the reaction of indoles 1 or 2 in the same conditions,
nitrosation derives from the electrophilic attack of the nitrosating
agent (most likely of nitrosyl acetate) on the nucleophilic centre of
the indole molecule. In particular, also in this case the electrophile
may attack the carbon atom in position 3, although a substituent
is already attached to it, followed by an internal rearrangement
of the NO group and, in particular, a 1–3 rearrangement, leading
to the formation of N-nitroso indoles, although direct attack on
the nitrogen atom is also possible (Scheme 7).43 The presence
of the N-nitroso group in compounds 23a–c was clearly evident
in their 1H NMR spectra which show, in the aliphatic region,
double signals for the methyl groups of 23a and 23b and complex
multiplets for the methylene groups of 23b and 23c, deriving
from the overlapping of different signals. When the same spectra
were recorded with a 600 MHz spectrometer, it was possible to
clearly distinguish the different signals. For example, the 1H NMR
spectrum of compound 23b shows two different singlets for the
methyl group at d = 1.97 and 2.00 in a 1 : 3 ratio and two triplets and
two quartets for each of the methylene groups, always in the same
ratio. These finding are in agreement with the possibility of two
different conformers, Z and E, generated by the N-nitroso group.44


Scheme 7
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The assignment of the protons in the aromatic region is more
difficult, since all the peaks are composite peaks deriving from the
overlapping of two different signals. The three compounds (23a–c)
show a very similar pattern for the peaks in the region between
d = 8.00 and 8.50 ppm corresponding not to a proton but only to
a fraction of it. Furthermore, if the two multiplets assigned to H-7
were integrated, the sum of their integration corresponded not to
a proton but to half of it. Besides the 1H NMR spectra, these
compounds also have characteristic mass spectra. In fact, in all
cases, the peak with the highest mass value did not correspond to
the molecular ion but to a dimer obtained from the dimerization
of the indolyl radical formed after cleavage of the N–NO bond
during fragmentation.


Molecular geometry of 2-(indol-3-yl)-3H-indol-3-one (8) and of
4-nitro-N-acetyltryptamine (20b)


The molecular structures of compounds 8 and 20b are shown in
Fig. 2 and 3, respectively. For both compounds, bond lengths
and angles are within normal ranges.45 In compound 8, the value
of the N(1)=C(1) bond length (1.310(5) Å) is consistent with
the localization of the double bond. The indole rings are nearly
coplanar, the dihedral angle formed by the mean planes through
them being 5.87(2)◦. In this conformation, a weak C–H · · · O
intramolecular hydrogen interaction is observed (C(10) · · · O(1),
2.965(6) Å; H(10) · · · O(1), 2.39 Å; C(10)–H(10) · · · O(1), 120◦).
In the crystal packing, the molecules are linked by N–H · · · N
hydrogen bonds (N(2) · · · N(1)′, 3.134(4) Å; H(2) · · · N(1)′, 2.29 Å;
N(2)–H(2) · · · N(1)′, 166◦. Symmetry code: ′ = −x, −y, −1/2 + z),
to form zigzag chains running parallel to the c axis.


In compound 20b, the C(9)/C(10)/N(3)/C(11)/O(3)/C(12)
atoms of the acetaminoethyl chain lie in a plane (maximum
deviation from the planarity of 0.079(4) Å for N(3)), which forms
a dihedral angle of 80.05(7)◦ with the mean plane through the
indole ring. The nitro group is twisted by 36.7(2)◦ with respect
to the mean plane of the indole ring. A weak intramolecu-
lar C–H · · · O hydrogen interaction is observed (C(9) · · · O(2),
2.935(5) Å; H(91) · · · O(2), 2.36; C(9)–H(91) · · · O(2), 117◦).
In the crystal packing the molecules are linked in dimers
via N–H · · · O and C–H · · · O hydrogen bonds (N(1) · · · O(3)′′,
2.801(5) Å; H(1N) · · · O(3)′′, 1.93(3) Å; N(1)–H(1N) · · · O(3)′′,
174(3)◦. N(3) · · · O(1)′′, 3.165(5) Å; H(3N) · · · O(1)′′, 2.45(4)
Å; N(3)–H(3N) · · · O(1)′′, 153(3)◦. C(12) · · · O(1)′′, 3.280(5) Å;
H(123) · · · O(1)′′, 2.37 Å; C(12)–H(123) · · · O(1)′′, 159◦. Symmetry
code:′′ = −1/2 + x, 1/2 − y, 1/2 + z).


Conclusions


The results obtained in the present study clearly indicate that the
reactivity of indoles with nitrogen dioxide is rather complex. The
three kinds of indoles used (2- or 3-substituted and unsubstituted
indole) show very different behaviour when reacted with nitrogen
dioxide in an aprotic medium. Nitrosation is the main process
occurring with 2-substituted indoles (unless an excess of nitrogen
dioxide is used), oxidation with indole 2, while nitration occurs
with 3-alkyl substituted indoles. Oxidation and nitration may
both be justified by a hydrogen atom transfer with formation of
an indolyl radical followed by coupling with a nitrogen dioxide
molecule, through the oxygen and the nitrogen atom, respectively.


Hydrogen abstraction is a favoured process for indole 2 which
may exist in equilibrium with the indoleninic tautomeric form
(C3-H bond has a lower BDE value than N–H bond). Such a
tautomeric equilibrium has more difficulty in occurring in the case
of 2-substituted indoles 1a–b and this may justify the fact that, for
these compounds, electrophilic attack by N2O4 is the sole process
observed. Indolyl radical (formed directly or through an electron
transfer followed by deprotonation) is the key intermediate also
in the reactions of indoles 3a–c (at least when nitro derivatives
are obtained). The occurrence of a particular reaction pathway,
nitrosation instead of nitration or of oxidation, depends on the
nature of the reacting indole.


When nitrous acid is used, electrophilic attack with formation
of nitroso derivatives is the mechanism common to all the
different indoles used, although nitroso indole 4 further reacts with
nitrogen monoxide, derived from the decomposition of nitrous
acid, affording the corresponding azo-bis-indole 7.


The understanding of the complex reactivity of indoles is
of crucial importance from a chemical and also a biological
standpoint, since indoles are known to play an important role in
biology and represent a frequently found motif amongst natural
products.


Experimental


General


Melting points are uncorrected and were determined on an
Electrothermal apparatus. IR spectra were recorded in the solid
state on a Perkin Elmer MGX1 Spectrophotometer equipped
with Spectra Tech. 1H NMR were recorded at room temperature
in CDCl3 solution on a Varian Gemini 200 (TMS was taken
as reference peak); J values are given in Hz. 1H NMR spectra
of compounds 23b,c were also recorded on a Varian “Inova”
operating at 600 MHz. UV spectra were recorded on a UV
Kontron 941 spectrophotometer.


Gaseous nitrogen dioxide (purity 98.5%) was purchased from
Fluka and used without purification. Nitrogen dioxide solutions
were prepared by blowing the gas in a weighed flask while cooling
with liquid nitrogen. The flask was weighed again after the gas
was collected in the solid state and followed by addition of the
solvent. The concentration of the solutions thus prepared was
determined by considering the gas in the dimeric form (N2O4),
as reported on the gas cylinder. Usually, they contained from
2 × 10−3 to 10−2 moles of N2O4 in 10 mL. Benzene was Carlo
Erba RP-ACS grade. Indoles 1a, 1b, 2 and 3a were purchased
from Aldrich and used without further purification while indoles
3b,c were synthesised according to the procedure described below
starting from the commercially available tryptamine.


Reaction of indoles 1–3 with nitrogen dioxide. General procedure


The required indole (0.5 mmol) was dissolved in 5 mL of
benzene and treated, at room temperature, with 0.5 mmol or
1 mmol of N2O4 dissolved in the same solvent. The reaction
course was monitored by thin layer chromatography (TLC) using
cyclohexane–ethyl acetate (8 : 2) as eluant. When an excess of N2O4


was used, the reactions were very fast and complete disappearance
of the starting indole was observed as soon as the gas was added.


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 3282–3290 | 3287







When a stoichiometric amount of N2O4 was used, the starting
indole remained partially unreacted even when the reaction times
were prolonged. For this reason, the reaction mixtures were
worked up after 1 hour. The mixture was washed with NaHCO3


(0.5 M) and extracted with ethyl acetate. The organic layer was
dried with Na2SO4 and evaporated to dryness. When the formation
of a precipitate was observed, as with indoles 1a,b and 2, it was
filtered, washed and dried, whereas the filtrate was washed with
NaHCO3 (0.5 M), extracted with ethyl acetate, dried over Na2SO4


and evaporated under reduced pressure.
The crude reaction mixtures were chromatographed by prepara-


tive TLC or by column chromatography and the isolated products
were identified by comparing their spectroscopic data with those
present in the literature for the same compounds or by comparison
with authentic samples prepared according to the literature
reports.


Reaction of indoles 1–3 with nitrous acid. General procedure


Sodium nitrite (2 mmol) was suspended into a benzene solution
(10 mL) of the required indole (1 mmol) and the resulting mixture
was thoroughly degassed with nitrogen. Acetic acid (10 mmol)
suspended in 1 mL of benzene was added. The reaction course
was monitored by TLC using cyclohexane–ethyl acetate (8 : 2)
as eluant. Only in two cases, indoles 1a and 2, reactions were
completed and the starting indole was completely consumed after
4 hours. After this time, the reaction mixture was neutralized
with NaHCO3 (0.5 M), extracted with ethyl acetate and dried
over Na2SO4. If a precipitate was formed, it was filtered and
washed with a methanol–water 1 : 1 mixture, whereas the filtrate
was washed with NaHCO3 (0.5 M), extracted with ethyl acetate,
dried over Na2SO4 and evaporated under reduced pressure. If
necessary, the crude reaction mixture was purified by column
chromatography using cyclohexane–ethyl acetate (8 : 2) as eluant.


Compounds obtained were analyzed by NMR, IR and MS
spectroscopy and, in some cases, by comparison with authentic
samples.


1-Methyl-2-phenyl-3-nitroso-1H-indole46 4. Mp 212–213 ◦C
(from ethanol); dH (200 MHz; CDCl3; TMS; 25 ◦C) = 3.91 (3H, s,
N–CH3), 7.37–7.42 (m, 2H, arom.), 7.80–7.96 (m, 2H, arom.),
8.24–8.42 (m, 2H, arom.); m/z (EI+) = 236 (M+, 33%), 221 (45),
144 (100), 114 (55).


2-Phenyl-indole-3-one oxime47 5. The product was identified
from its mass spectrum [m/z (EI+) = 222 (M+, 42%), 144 (100), 128
(34), 115 (65)] and compared with an authentic sample prepared
according to the literature report.47


2-Phenyl-3-nitro-1H-indole48 6a. Mp 238–240 ◦C (from
ethanol); dH (200 MHz; CDCl3; TMS; 25 ◦C) = 7.39–7.43 (m,
3H, arom.), 7.52–7.55 (m, 3H, arom.), 7.70–7.75 (m, 2H, arom.),
8.28–8.34 (m, 1H, arom.), 8.55 (br s, 1H, NH); IR: mmax/cm−1 3254,
1525, 1359, 1213; kmax (EtOH)/nm 227, 257 and 348 (lit.,44 229,
261 and 359).


1-Methyl-2-phenyl-3-nitro-1H-indole49 6b. Mp 118–119 ◦C
(from petroleum ether); dH (200 MHz; CDCl3; TMS; 25 ◦C) =
3.60 (s, 3H, N–CH3), 7.44–7.49 (m, 5H, arom.), 7.55–7.58 (m, 3H,
arom.), 8.37–8.43 (m, 1H, arom.); mmax/cm−1 1539, 1447, 1376,


1307, 1205; m/z (EI+) = 252 (M+, 58%), 234 (88), 222 (44), 105
(77), 84 (100).


3,3′-Azo-bis-1-methyl-2-phenylindole50 7. Mp 304–305 ◦C
(from toluene); m/z (EI+) = 440 (M+, 31%), 410 (65), 256 (100),
178 (45) and by comparison with an authentic sample.50


2-Indolyl-3-one-3H-indole518. Mp 218–219 ◦C (from ben-
zene); mmax/cm−1 3149, 1725, 1625, 1598, 1325; m/z (EI+) = 246
(M+, 23%), 218 (35), 149 (52); kmax (EtOH)/nm 273, 342 shoulder,
522.


2-Indolyl-3-oxime-3H-indole519. Mp 244–245 ◦C (from
petroleum ether); m/z (EI+) = 261 (M+, 19%), 246 (95), 218 (100);
kmax (EtOH)/nm 272, 334 shoulder, 350 shoulder, 445.


4-Nitro-N-acetyltryptamine 20b. Mp 132–133 ◦C (from di-
ethyl ether); dH (200 MHz; CDCl3; TMS; 25 ◦C) = 1.98 (s, 3H,
C(O)–CH3), 3.09 (t, 2H, J = 7.34, –CH2–CH2–NH), 3.49 (pq, 2H,
J = 7.32, CH2–CH2–NH), 5.72 (br s, 1H, CH2–NH), 7.18, (s, 1H,
arom.), 7.26 (pt, 1H, J = 5.95, arom.), 7.66 (dd, 1H, J = 0.90 and
8.0, arom.), 7.87 (dd, 1H, J = 0.90 and 8.0, arom.), 9.01 (br s, 1H,
NH-indole); mmax/cm−1 3154, 1644, 1504, 1261; m/z (EI+) = 247
(M+, 13%), 230 (20), 158 (99), 129 (100).


6-Nitro-N-acetyltryptamine 21b. Mp 150–151 ◦C (from di-
ethyl ether); dH (200 MHz; CDCl3; TMS; 25 ◦C) = 1.95 (s, 3H,
C(O)–CH3), 3.00 (t, 2H, J = 7.34, –CH2–CH2–NH), 3.60 (pq, 2H,
J = 7.34, CH2–CH2–NH), 5.60 (br s, 1H, CH2–NH), 7.34, (pd,
1H, J = 2.4, arom.), 7.62 (d, 1H, J = 8.92, arom.), 8.01 (dd, 1H,
J = 2.04 and 8.82, arom.), 8.32 (pd, 1H, J = 1.86, arom.), 8.84 (bp,
1H, NH-indole); mmax/cm−1 3367, 1627, 1504, 1261; m/z (EI+) =
247 (M+, 2), 188 (100), 175 (42), 158 (22).


Anal. Calcd for C12H13N3O3: C, 58.29; H, 5.30; N, 16.99. Found:
C, 58.31; H, 5.25; N, 17.05%.


1-Nitro-N-acetyltryptamine 22b. Oil; dH (200 MHz; CDCl3;
TMS; 25 ◦C) = 2.01 (s, 3H, C(O)–CH3), 2.86 (t, 2H, J = 7.2,
–CH2–CH2–NH), 3.70 (pq, 2H, J = 7.2, CH2–CH2–NH), 6.98
(br s, 1H, CH2–NH), 7.38–7.75 (m, 3H, arom.), 7.91 (m, 1H, H-
4), 8.28 (d, 1H, J = 7.9, H-7); mmax/cm−1 3300, 1672, 1533, 1456,
1404, 1351, 1272; m/z (EI+) = 247 (M+, 2%), 201 (33), 157 (92),
130 (100).


1-Nitroso-3-methylindole52 23a. Oil; dH (200 MHz; CDCl3;
TMS; 25 ◦C) = 2.28 and 2.32 (2s, 0.66 3H + 0.33 3H, CH3),
7.31–7.59 (m, 3H, arom.), 7.91 (s, 0.25H, H-2), 8.15 (d, 0.5H, J =
6, H-4), 8.38 (m, 0.25H, H-7); mmax/cm−1 1453.5; m/z (EI+) = 261
(21%), 233 (13), 160 (M+, 5), 130 (60).


1-Nitroso-N-acetyltryptamine 23b. Mp 120–121 ◦C (from ben-
zene); dH (200 MHz; CDCl3; TMS; 25 ◦C) = 1.98 and 1.99 (2s,
3H, C(O)–CH3 C(O)–CH3), 2.85–3.01 (m, 2H, –CH2–CH2–NH),
3.50–3.70 (m, 2H, CH2–CH2–NH), 5.75 (br s, 1H, CH2–NH),
7.31–7.65 (m, 3H, arom.), 8.00 (s, 0.25H, H-2), 8.15 (d, 0.5H, J =
6 Hz, H-4), 8.30–8.40 (m, 0.25H, H-7); dH (600 MHz; CDCl3;
TMS; 25 ◦C) = 1.97 and 2.00 (2s, 0.66 3H + 0.33 3H, C(O)–CH3


C(O)–CH3), 2.94 and 2.99 (2t, 0.66 2H + 0.33 2H, J = 7.2, –CH2–
CH2–NH), 3.60 (2q, 0.66 2H + 0.33 2H, J = 7.2, CH2–CH2–NH),
5.71 and 5.77 (2br s, 0.66 1H + 0.33 1H, CH2–NH), 7.41–7.43 (m,
1.2 H, H-5 + H-6), 7.48–7.51 (pt, 0.8H, J = 7.2, H-5), 7.55–7.57
(m, 0.25H, H-7), 7.58 (s, 0.75H, H-2), 7.61 (d, 0.5H, J = 8.4, H-4),
8.03 (s, 0.25H, H-2), 8.17 (d, 0.5H, J = 7.8, H-4), 8.37–8.39 (m,
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0.25H, H-7); mmax/cm−1 3285, 1640, 1564, 1444, 1143; m/z (EI+) =
403 (80%), 344 (32), 231 (M+, 9), 201 (100).


Anal. Calcd for C12H13N3O2: C, 62.33; H, 5.67; N, 18.17. Found:
C, 62.45; H, 5.56; N, 18.25%.


1-Nitroso-N-benzoyltryptamine 23c. Mp 122–123 ◦C (from
benzene); dH (200 MHz; CDCl3; TMS; 25 ◦C) = 2.98–3.18 (m,
2H, –CH2–CH2–NH), 3.71–3.95 (m, 2H, CH2–CH2–NH), 6.29
(br s, 1H, CH2–NH), 7.31–7.79 (m, 9H, arom.), 8.05 (s, 0.25H,
H-2), 8.19 (d, J = 6 Hz, 0.5H, H-4), 8.32–8.41 (m, 0.25H, H-7);
dH (600 MHz; CDCl3; TMS; 25 ◦C) = 3.04 and 3.11 (2t, 0.66 2H
+ 0.33 2H, J = 7.5, –CH2–CH2–NH), 3.75 and 3.87 (2q, 0.66 2H
+ 0.33 2H, J = 7.5, CH2–CH2–NH), 6.58 and 6.60 (2br s, 0.66 1H
+ 0.33 1H, CH2–NH), 7.34–7.44 (m, 4.2 H, arom.), 7.46–7.53 (m,
1/3 3H, arom.), 7.56–7.62 (m, 0.25H + 0.5H, H-7 + H-2), 7.65 (d,
0.5H, J = 9.8, H-2), 7.71–7.78 (2d, 2H, J = 8.2, arom), 8.03 (s,
0.25H, H-2), 8.17 (d, 0.5H, J = 9.8, H-4), 8.35–8.39 (m, 0.25H,
H-7); mmax/cm−1 3343, 1638, 1444, 1145; m/z (EI+) = 446 (10), 264
(38), 157 (14), 143 (100).


Anal. Calcd for C17H15N3O2: C, 69.61; H, 5.15; N, 14.33. Found:
C, 69.66; H, 5.14; N, 14.45%.


Crystal structure of 2-(indol-3-yl)-3H-indol-3-one (8) and of
4-nitro-N-acetyl-tryptamine (20b)


Compound 8 (CCDC-608948). C16H10N2O, M = 246.3, or-
thorhombic, a = 24.445(5), b = 4.319(2), c = 11.087(3) Å, V =
1170.5(7) Å3, T = 298 K, space group Pca21 (no. 29), Z = 4, l(Cu–
Ka) = 0.716 mm−1, brown plate, crystal dimensions 0.18 × 0.15 ×
0.03 mm, 2545 reflections measured, 1165 unique (Rint = 0.032)
which were used in all calculations. The final R and wR(F 2) were
0.038 (for 787 observed data) and 0.088 (unique data). Although
the compound does not contain atoms heavier than O, refinement
of the Flack parameter led to a meaningless value of −0.3(7)
(0.4(7) for the inverted structure) and, therefore, Friedel pairs were
merged prior to the final refinement.†


Compound 20b (CCDC-608947). C12H13N3O3, M = 247.2,
monoclinic, a = 7.399(2), b = 19.689(4), c = 8.576(2) Å, b =
108.374(4)◦, V = 1185.7(5) Å3, T = 298 K, space group P21/n
(no. 14), Z = 4, l(Mo–Ka) = 0.102 mm−1, yellow plate, crystal
dimensions 0.17 × 0.12 × 0.04 mm, 9892 reflections measured,
1710 unique (Rint = 0.121) which were used in all calculations. The
final R and wR(F 2) were 0.043 (for 710 observed data) and 0.049
(all unique data). Due to the rather small plate crystals available,
the intensity data were truncated to h = 23.70◦, at higher-angle
data being weak and having poor internal agreement statistics.
This could account for the rather low ratio unique–observed
reflections (42%).†


Synthesis of N-acetyltryptamine 3b and N-benzoyltryptamine 3c


Tryptamine (10 mmol) was dissolved in 10 mL of pyridine
and acetyl chloride or benzoyl chloride (12 mmol) was added
dropwise at room temperature. The reaction mixture was stirred
for 45 min then poured into 50 mL of water and stirred again
for another 60 min. The reaction mixture was extracted with
ethyl acetate, the organic layer was dried over Na2SO4 and the


† CCDC reference numbers 608948 and 608947. For crystallographic data
in CIF or other electronic format see DOI: 10.1039/b607680g


solvent was evaporated under reduced pressure. N-Acetyl or N-
benzoyltryptamine was chromatographed on a silica gel column
using ethyl acetate as the eluant.


N-Acetyltryptamine 3b: dH (200 MHz, CDCl3, TMS, 25 ◦C) =
1.91 (s, 3H), 2.97 (t, 2H, J = 6.2 Hz), 3.59 (q, 2H, J = 6.2 Hz),
5.61 (br s, 1H), 7.02 (s, 1H), 7.09–7.24 (m, 2H), 7.37 (d, 1H, J =
8 Hz), 7.61 (d, 1H, J = 8 Hz), 8.32 (br s, 1H); m/z (EI+) = 202
(M+, 15%), 143 (97), 130 (100).


N-Benzoyltryptamine 3c: dH (200 MHz, CDCl3, TMS, 25 ◦C) =
3.11 (t, 2H, J = 6.2 Hz), 3.81 (q, 2H, J = 6.2 Hz), 6.20 (br s, 1H),
7.08 (s, 1H), 7.12–7.24 (m, 2H), 7.36–7.45 (m, 4H), 7.65–7.69 (m,
3H), 8.18 (br s, 1H); m/z (EI+) = 264 (M+, 23%) 203 (24), 192 (66),
176 (100).
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Two crystalline modifications of the tripeptide L-Ala–L-Tyr–L-Ala, which have different solvent
molecules in the crystal structure (water and ethanol for modifications 1 and 2), were the subject of
experimental charge density studies based on high resolution X-ray data collected at ultra-low
temperatures of 9 K (1) and 20 K (2), respectively. The molecular structures and the intermolecular
interactions were found to be rather similar in the two crystal lattices, so that this study allowed the
reproducibility of the charge density of a given molecule in different (but widely comparable) crystalline
environments to be examined. With respect to bond topological and atomic properties, the agreement
between the two modifications of the title tripeptide was in the same range as found from the
comparison with the previously reported results of tri-L-alanine. It follows that the reproducibility and
transferability of quantitative topological data are comparable and that within the accuracy of
experimental charge density work the replacement of the central amino acid residue L-Ala by L-Tyr has
no significant influence, neither on bond nor on the atomic properties of the oligopeptide main chain.
Intermolecular interactions in the form of hydrogen bonds were characterized quantitatively and
qualitatively by topological criteria and by mapping the charge density distribution on the Hirshfeld
surface.


Introduction


Thanks to the technical developments of recent years, the time
consuming nature of high resolution X-ray diffraction experiments
has been reduced significantly, so that experimental charge density
determinations on entire classes of chemically-related compounds
or on larger molecules can be carried out in a reasonable
time.1,2 Almost at the same time, computational and theoretical
developments have taken place allowing the quantitative proper-
ties of a chemical system to be determined. Especially, Bader’s
quantum theory of atoms in molecules (QTAIM)3 allows the
derivation of bonding, non bonding and atomic properties from
the topological analysis of a charge density distribution q(r). One
key concept of Bader’s theory is the transferability of submolecular
or atomic electronic properties providing a tool to enter these
fragments as building blocks for the additive generation of electron
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densities of macromolecules, like proteins or oligonucleotides,
which are otherwise obtainable only in exceptional cases. Since the
transferability concept is essential for the application of database
approaches to model the electron density of larger systems, its
experimental verification is of major importance. In the class of
the 20 genetically encoded amino acids, the so-far experimentally-
derived topological properties of 16 of the 20 compounds can
serve for that purpose.4–10 They have, in addition, been completed
by theoretical calculations by Matta & Bader for all 20 amino
acids in their neutral forms.11–13


The measure of transferability has to be seen in the light of
the reproducibility of topological quantities obtained from an
experimental charge density study. We have studied this aspect
in two cases, once by two high resolution data collections on
a hexapeptide under different experimental conditions14 and in
another study on strychnine where we compared topological
results based on four data sets taken at different temperatures
and with different experimental setups.15 The general finding in all
cases was that transferability and reproducibility was confirmed,
for example, for the electron densities q(rBCP) and the Laplacians
∇2q(rBCP) at the bond critical points rBCP (defined by the condition
that the gradient ∇q(r) vanishes at rBCP) within 0.1 eÅ−3 and 3–
4 eÅ−5, respectively.


For an experimental verification of transferability also in the
oligopeptide field, we entered into comparative charge density
studies of tripeptides of the type L-Ala–XXX–L-Ala, where XXX


was to be varied among the 20 naturally occurring amino acids.
A corresponding study of the reference tripeptide L-Ala–L-Ala–L-
Ala (tri-L-alanine, 3) has been published recently.16 Here we present
as a second example a comparison of the experimental charge
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densities of two modifications of L-Ala–L-Tyr–L-Ala with different
solvent molecules in the crystal lattice, water for modification 1 and
ethanol for modification 2.


From the conventional spherical structure analyses17 it was
found that the molecular structures in the two modifications were
very similar and that even the intermolecular interactions in terms
of hydrogen bonds were, in most cases, comparable with only
few exceptions in the contacts to the different solvent molecules.
Hence, this study represents a favorable case where the repro-
ducibility of the charge density of a given molecule in different
crystal structures but widely comparable crystalline environment
can be studied more so, since also the experimental conditions (see
the Experimental section) are different. In addition, concerning
transferability, the atomic and bond topological properties of the
main peptide chain can be compared to the corresponding values
of tri-L-alanine.


Results and discussion


Charge density and bond topological analysis


The molecular structures with atom-numbering schemes of both
investigated modifications of L-Ala–L-Tyr–L-Ala (1 and 2) are
shown in Fig. 1a–b. Modification 1 consists of one tripeptide
molecule and an average of 2.6 water molecules (1 + 1 + 0.6) in
the asymmetric unit. For the second one, the solvent is represented
by one ethanol molecule. The molecular structures and crystal
packings were well discussed before.17 The agreement in bond
lengths and further geometric properties between the present
high-order multipole refinements and previous low-order spherical
refinements is in the range of 3r, hence no detailed discussion is
needed.


To get a quantitative description of the electronic structures of 1
and 2 full topological analyses were carried out with the XDPROP
program of the XD program package.18 The bond topological
properties in terms of q(rBCP) and ∇2q(rBCP) values for the 15
main chain bonds are summarized in Table 1 together with the
corresponding properties of 3.


The electron densities q(rBCP) of all 23 non-hydrogen bonds
differ between 1 and 2 within an average of 0.07 eÅ−3 whereas
the Laplacians ∇2q(rBCP) differ by 4.9 eÅ−5. As already mentioned
comparable discrepancies were reported in the literature for
averages from experimental studies in the peptide field and
also for the results obtained from different data sets of one
compound. In our study on strychnine15 two data sets were
measured at comparable experimental conditions as in the present
case (synchrotron and Mo Ka primary radiation, T ∼10–20 K).
The average differences in q(rBCP) and ∇2q(rBCP) were 0.07 eÅ−3


and 2.7 eÅ−5, respectively. Similar results were also obtained for
the above mentioned hexapeptide. While in these cases the same
crystal lattice was subject to electron density determinations at
different experimental conditions, the present study provides bond
topological data of a given compound in two crystal lattices where,
however, the intermolecular environments are rather alike. Hence
average spreads in the range of 0.1 eÅ−3 and 3–5 eÅ−5 seem
to indicate the reproducibility of these quantities from charge
density determinations at different experimental conditions and
even in different crystal lattices if the intermolecular interactions
are comparable.


Fig. 1 Molecular structures of 1 at 9 K (a) and 2 at 20 K (b) with the
chosen atom-numbering scheme. Displacement ellipsoids are drawn at a
50% probability level and H atoms are shown as small spheres of arbitrary
radii.42


It is interesting to note that a comparable spread is also seen
if experimental and theoretical values for q(rBCP) and ∇2q(rBCP)
are compared, see corresponding results of a B3LYP/6-311 + +
G(3df,3pd) calculation at experimental geometry, listed also in
Table 1. The agreement between the experimental averages of
1 and 2 and theory for the 15 main chain bonds in Table 1
is 0.12 eÅ−3 and 6.4 eÅ−5, respectively. Noticeable differences
exist for the Laplacians of the polar C–O bonds, which are
significantly stronger negative experimentally compared to theory.
This is a general finding, even positive theoretical Laplacians
are reported in the literature for C–O bonds.13 The limited
flexibility of the radial functions is considered responsible for
such observed discrepancies.19 For the remaining 11 non C–O
bonds the experimental/theoretical differences reduce to 0.08 eÅ−3


and 3.7 eÅ−5, so that in total the experimental and theoretical
bond topological properties can be regarded reliable in these
ranges.
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Table 1 Bond topological properties q(rBCP) and ∇2q(rBCP) of comparable bonds for L-Ala–L-Tyr–L-Ala (1 and 2) and L-Ala–L-Ala–L-Ala (3) (in eÅ−3


and eÅ−5). The types of the neighbour atoms not directly involved in the bond are given in brackets. For the title compound the first and second lines
refer to modifications 1 and 2;for 3 they refer to the two crystallographically independent molecules


Bond type Bond
Experimental 1/2 Theoretical 1/2 Experimental 3 Experimental 1/2 Theoretical 1/2 Experimental 3
q(r) q(r) q(r) ∇2q(r) ∇2q(r) ∇2q(r)


Namm–Ca–[Cpep] N(1)–C(1) 1.70(3) 1.59 1.83(4) −8.9(1) −13.2 −14.2(2)
1.71(3) 1.69(4) −9.3(1) −8.3(2)


Npep–Cpep–[Ca–Namm] N(2)–C(2) 2.44(4) 2.32 2.39(4) −20.6(2) −26.3 −23.3(2)
2.43(3) 2.43(4) −24.4(2) −21.9(2)


[Ccarbox–Ca]–Npep–Cpep N(3)–C(4) 2.39(4) 2.31 2.43(4) −19.2(2) −26.1 −22.0(2)
2.53(3) 2.45(4) −27.0(2) −24.8(2)


Npep–Ca–[Cpep] N(2)–C(3) 1.75(3) 1.72 1.82(4) −9.4(1) −15.8 −9.4(2)
1.84(3) 1.88(4) −12.5(1) −13.2(2)


Npep–Ca–[Ccarbox] N(3)–C(5) 1.81(3) 1.71 1.80(4) −9.6(1) −15.3 −10.7(2)
1.88(3) 1.80(4) −14.4(1) −10.9(2)


[Namm]–Ca–Cpep C(1)–C(2) 1.67(3) 1.72 1.74(4) −8.9(1) −15.2 −11.3(2)
1.75(3) 1.76(4) −13.6(1) −11.7(2)


[Npep]–Ca–Cpep C(3)–C(4) 1.64(3) 1.71 1.64(4) −7.8(1) −15.0 −9.0(2)
1.76(3) 1.72(4) −12.9(1) −13.1(2)


[Namm]–Ca–Cb C(1)–C(7) 1.71(3) 1.64 1.59(4) −9.9(1) −13.6 −8.4(2)
1.79(3) 1.61(4) −13.7(1) −9.4(2)


[Ccarbox]–Ca–Cb C(5)–C(8) 1.60(3) 1.62 1.59(4) −8.3(1) −13.3 −9.0(2)
1.68(3) 1.61(4) −10.9(1) −10.2(1)


[Npep]–Ca–Cb C(3)–C(20) 1.61(3) 1.55 1.58(4) −7.3(1) −11.9 −7.2(1)
1.63(3) 1.62(3) −10.9(1) −10.0(1)


[Npep]–Ca–Ccarbox C(5)–C(6) 1.59(3) 1.67 1.79(4) −6.7(1) −14.2 −11.5(2)
1.77(3) 1.77(4) −14.2(1) −10.9(2)


Ocarbox–Ccarbox [shorter] O(3)–C(6) 2.97(4) 2.61 2.82(5) −34.5(3) −17.1 −32.6(3)
2.81(4) 2.82(5) −30.1(3) −33.5(3)


Ocarbox–Ccarbox [longer] O(4)–C(6) 2.64(4) 2.51 2.76(5) −24.1(2) −21.8 −30.6(3)
2.75(4) 2.67(5) −34.7(2) −25.3(3)


Opep–Cpep–[Ca–Namm] O(1)–C(2) 2.95(4) 2.72 2.92(5) −25.6(2) −17.3 −30.4(3)
2.83(5) 2.82(5) −35.7(3) −24.5(3)


Opep–Cpep O(2)–C(4) 2.99(4) 2.71 2.88(5) −28.8(3) −16.8 −32.4(3)
2.98(5) 2.86(5) −42.8(3) −30.5(3)


Two peptide bonds link the three amino acid residues, being next
to the N-terminus and the C-terminus, respectively. It follows from
both experimental and theoretical results that comparable types
of bonds (Npep–Cpep, Npep–Ca, Ca–Cpep, Opep–Cpep) are characterized
by a similar topology disregarding the different neighbour groups.
Hence a next nearest neighbour influence is not detectable, which
holds also for the Ca–Cb bond in spite of the different substituents
at Cb.


Atomic properties


Following Bader’s quantum theory of atoms in molecules
(QTAIM) a molecule can be partitioned into submolecular
fragments. The partitioning procedure to obtain atomic regions
makes use of the zero-flux surfaces in the electron density gradient
vector field ∇q(r). In order to evaluate the atomic volumes and
charges, the algorithm available through the TOPXD program20


was applied. The results for the main chain atoms of 1, 2 and 3 are
summarized in Table 2.


The total atomic volumes, V tot, are defined by the interatomic
boundaries in the crystal. It is common practise to consider also
the V 001 volumes, defined by a cutoff at q = 0.001 au, which are
used to compare with theoretically obtained charge densities of
isolated molecules. For both modifications, 1 and 2, the sum of
V tot (multiplied by Z = 2) reproduces the unit cell volumes to
within 1%, whereas the charges add up to zero within ±0.04 e,
indicating that the partitioning procedure has worked properly.


It is interesting to note that the total volume of a single
tripeptide molecule of the water modification (∼388 Å3) is smaller
than the ethanol one (∼412 Å3). Detailed analysis revealed that
the essential differences in the atomic volumes are observed for
the methyl and ammonium groups and the oxygen atom O(5),
hence the outer regions of the peptide molecules where the major
intermolecular interactions take place. Based on V 001 the above
mentioned differences vanish (both ∼343 Å3). Taking into account
these findings and a number of potential hydrogen bonds in both
crystals, it seems that the molecules in the water modification
crystal are more densely packed than in the ethanol one.


Consideration of individual atomic properties suggests the
following trend:


For the nitrogens the Namm atom has a slightly larger volume
than the peptide nitrogens being accompanied by a somewhat
more negative charge.


However, the carbons differ strongly by their atomic charges.
The Ca and Cb atoms have weak positive charges, while the charges
of the peptide carbons are close to +1 and the Ccarbox carbon is even
stronger positively charged. No significant differences are seen
between the Opep and Ocarbox oxygens having comparable volumes
and agree in charges close to −1.


As already found for the bond topological properties, the atomic
properties in the peptide bond regions also do not depend on
whether this region is next to the N-terminus or the C-terminus.
In total the average agreement of V 001 and Q001 values for the atoms
listed in Table 1 for 1 and 2 is 0.8 Å3 and 0.1 e, respectively.
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Table 2 Atomic volumes (V tot/Å3 and V 001/Å3) and charges (Q001/e) for comparable atoms of 1, 2 and 3 derived from the experimental charge density.
The neighbour atom types are given in brackets. First and second lines defined as in Table 1


Atom type Atom
1/2 1/2 3 1/2 3
V tot V 001 V 001 Q001 Q001


Namm N(1) 17.87 16.33 13.90 −1.51 −1.12
14.53 14.18 14.80 −1.46 −1.34


[Namm–Ca–Cpep]–Npep N(2) 13.62 12.50 12.49 −0.93 −1.04
13.98 12.53 12.80 −1.09 −1.00


[Ccarbox–Ca]–Npep N(3) 12.59 12.15 12.58 −0.91 −1.06
14.51 12.81 12.64 −1.03 −1.02


[Namm–Ca]–Cpep C(2) 6.83 6.62 5.78 0.88 1.10
7.25 6.64 5.91 1.01 1.05


[Npep–Ca]–Cpep C(4) 7.12 6.78 6.04 0.83 1.11
7.15 6.56 5.87 1.04 1.14


[Namm]–Ca C(1) 6.75 6.69 7.34 0.24 0.07
7.24 7.03 7.29 0.18 0.04


[Npep]–Ca–[Cpep] C(3) 6.52 6.52 6.98 0.25 0.17
7.47 7.25 6.77 0.09 0.27


[Ccarbox]–Ca C(5) 7.11 6.95 7.06 0.26 0.21
7.83 7.54 6.82 0.14 0.22


[Namm–Ca]–Cb C(7) 9.29 8.82 8.90 0.19 0.25
12.21 9.53 8.39 0.10 0.26


[Ccarbox–Ca]–Cb C(8) 9.95 9.10 9.30 0.19 0.16
10.72 9.67 9.28 0.10 0.13


Ccarbox C(6) 5.24 5.08 6.08 1.36 1.13
6.97 6.35 5.70 1.23 1.21


[Namm–Ca–Cpep]–Opep O(1) 17.61 15.87 16.20 −1.06 −1.09
17.65 15.65 15.92 −0.93 −1.15


[Npep–Ca–Cpep]–Opep O(2) 19.48 16.11 15.98 −0.99 −1.09
17.48 14.38 15.97 −1.09 −1.13


Ocarbox [shorter] O(3) 18.46 16.00 16.46 −1.09 −1.01
17.90 16.47 16.52 −1.04 −0.96


Ocarbox [longer] O(4) 16.20 14.84 15.28 −0.96 −1.03
18.18 16.64 14.80 −1.04 −0.98


Hydrogen bond topology


An analysis of the crystal packing of both modifications of L-
Ala–L-Tyr–L-Ala provided information about potential hydrogen
bonds (HBs). The discussion based on the spherical structure17


considered only steric criteria which are, for example, applied in
geometry analysis programs like PLATON.42 However, various
criteria have been developed to describe HBs according to topo-
logical properties. For example, Koch & Popelier21 have evaluated
eight concerted effects occurring in the charge density, which
are indicative of hydrogen bonding while Espinosa et al.22 have
derived exponential relations for HB energies from the analysis
of experimental electron density studies, so that quantitative
topological criteria allow a better insight into the strengths of
these interactions. Geometrical and bond topological parameters
of the possible HBs for 1 and 2 are listed in Table 3 (see the ESI
for nonbonded valence shell charge concentrations (VSCCs)).


According to the topological criteria for the existence of
hydrogen bonds, postulated by Koch and Popelier,21 11 such
intermolecular interactions are found for 1 and 7 for 2. Each of
them is characterized by low values of the electron density and a
positive Laplacian at the hydrogen · · · acceptor bond critical point.
Moreover, a decrease of volume and a loss of charge of hydrogen
atoms participating in H-bond interactions are observed.


Taking into account the geometrical (D · · · A and H · · · A
distances) and topological criteria (q(rBCP), ∇2q(rBCP)) together, the
hydroxyl group of the tyrosyl fragment creates the strongest HB
in both modification of L-Ala–L-Tyr–L-Ala. This observation is


supported by the highest H-bond energies for these interactions
(∼= 60 kJ mol−1). All energies presented in Table 3 are calculated
with the relation given by Espinosa et al., [EHB = 25300 ×
exp(−3.6 × (H · · · A) kJ mol−1].22 The next strong intermolecular
interactions are O(6)–H(16) · · · O(3) and N(1)–H(11C) · · · O(2) for
2, which are characterized by electron density values of 0.26 and
0.25 e Å−3 and their H-bond energies amount to 51.8 kJ mol−1. The
remaining O–H · · · O and Namm–H · · · O HBs are weaker with the
electron density in the range of 0.08–0.23 e Å−3. The interactions
of the type Npep–H. . .Opep are the weakest ones with HB energies
below 20 kJ mol−1. A similar observation was also made for tri-
L-alanine where the four interpeptide linkages belonged to the
weaker ones and there was a tendency, also seen in this study, that
the stronger HBs were established to solvent molecules.


Finally, for all HBs described for both modifications of L-Ala–
L-Tyr–L-Ala, the exponential correlation between electron density
(or corresponding Laplacian) and the hydrogen · · · acceptor dis-
tance have been found; the correlation coefficients (R) amount
to 0.90 and 0.93, respectively (Fig. 2a–b). These findings are in
agreement with Espinosa’s studies.23 Moreover, a linear relation-
ship between the electron density and H-bond energy is observed
(R = 0.92), which is presented in Fig. 2c.


The site and strength of an intermolecular interaction can be
made visible by means of the Hirshfeld surface24 which is defined
by the share-holder principle qmol/qcryst = 0.5. It is displayed in
Fig. 3 for modification 2 together with the electron density mapped
by a colour code on this surface. The graphics was generated with
the in-house written program MOLISO.25 Strong interactions can
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Table 3 Geometric and topological parameters of the hydrogen bonds for 1 and 2 (distances in Å, angles in deg, electron density at H · · · A BCP in eÅ−3


and its corresponding Laplacian in e Å−5, EHB in kJ mol−1)


D–H · · · A D—H H · · · A D · · · A D—H · · · A q(r) ∇2q(r) EHB


1
O(5)–H(15) · · · O(7) 0.97 1.68 2.6301(7) 167 0.21(3) 5.3(1) 59.9
O(6)–H(61) · · · O(3) 0.97 1.89 2.8462(8) 169 0.08(2) 3.2(1) 28.1
O(6)–H(62) · · · O(4)a 0.97 1.86 2.8208(6) 173 0.15(3) 3.4(1) 31.3
O(7)–H(71) · · · O(3)b 0.97 1.79 2.7473(6) 171 0.16(3) 4.3(1) 40.2
O(7)–H(72) · · · O(6)c 0.97 1.81 2.7702(6) 174 0.10(3) 4.2(1) 37.4
O(8)–H(81) · · · O(7) 0.97 1.95 2.9167 174 0.08(1) 3.2(1) 22.6
N(1)–H(11A) · · · O(4)d 1.03 1.79 2.8274(6) 177 0.17(2) 3.1(1) 40.2
N(1)–H(11B) · · · O(5)e 1.03 1.76 2.7934(5) 173 0.17(3) 4.4(1) 44.8
N(1)–H(11C) · · · O(2)f 1.03 1.85 2.8233(8) 156 0.15(2) 3.0(1) 32.4
N(2)–H(12) · · · O(1)g 1.01 2.00 2.9488(5) 156 0.07(2) 2.2(1) 18.9
N(3)–H(13) · · · O(4)a 1.01 2.04 3.0300(8) 168 0.04(2) 1.8(1) 16.4
2
O(5)–H(15) · · · O(6)a 0.97 1.67 2.6249(6) 170 0.27(3) 5.1(1) 62.0
O(6)–H(16) · · · O(3) 0.97 1.72 2.6883(6) 178 0.26(3) 4.1(1) 51.8
N(1)–H(11A) · · · O(4)d 1.03 1.77 2.7844(5) 168 0.23(2) 3.4(1) 43.2
N(1)–H(11B) · · · O(5)g 1.03 1.84 2.8738(5) 174 0.18(2) 3.3(1) 33.6
N(1)–H(11C) · · · O(2)h 1.03 1.72 2.7501(7) 178 0.25(3) 3.9(1) 51.8
N(2)–H(12) · · · O(1)e 1.01 2.04 2.9773(5) 153 0.09(2) 2.0(1) 16.4
N(3)–H(13) · · · O(4)b 1.01 1.99 2.9656(8) 161 0.09(2) 2.3(1) 19.6


Symmetry codes:a −x, y − 1/2, 2 − z. b 1 − x, 1/2 + y, 2 − z. c x, 1 + y, z. d x, y, z − 1. e 1 − x, y − 1/2, 1 − z. f −x, y − 1/2, 1 − z. g −x, 1/2 + y, 1 − z.
h 1 − x, 1/2 + y, 1 − z.


easily be identified in the donor regions close to H(15) and H(11A)
and the acceptor region next to O(2). Further strong interactions
as listed in Table 3 are on the back side of the molecule with respect
to Fig. 3 and made invisible in this representation for clarity. The
software used to generate this drawing allows an online rotation
of this image on a graphic screen, so that all close contacts and
their implications on the charge density rearrangement can be
visualized and examined in three dimensions.


Electrostatic potential


The electrostatic potential (EP), which can be derived directly
from the electron density, is an analytical tool which is used to
predict the reactive behaviour of chemical systems and to study,
for example, biological recognition processes. It was calculated
from the experimental data using the method of Su & Coppens26


and is displayed in Fig. 4 for both modifications 1 and 2. The EP
is represented by a color code (see color bars) on the iso electron
density surface at q = 0.5 e Å−3.


First of all it can be seen that the EP distributions on both
molecular surfaces are rather alike, confirming the conservation
of the electronic properties of the tripeptide in both crystal
lattices. Moreover, the polarization of the electron density is
visibly very pronounced in regions involved in hydrogen bonding.
Donor hydrogen atoms, for example the ammonium hydrogens,
the phenolic OH hydrogen of the tyrosine side group and the
water hydrogens, exhibit stronger positive regions than are seen
for methyl or phenyl hydrogens. The negative potential is then
concentrated around the oxygen atoms, being the HB acceptor
atoms


Transferability of submolecular fragments


With respect to the transferability of electronic properties of
chemically equivalent atoms the topology of the main peptide


chain of both modifications of L-Ala–L-Tyr–L-Ala have been
compared with literature data for tri-L-alanine.16 Considering
bond topological parameters, average differences between 1/2 of
Ala–Tyr–Ala and tri-L-alanine are 0.08/0.06 e Å−3 for the electron
densities at the bond critical points and 2.5/3.9 e Å−5 for the
corresponding Laplacians, respectively. Of major interest are the
topological descriptors in the five important backbone bond types
Opep–Cpep, Npep–Cpep, Npep–Ca, Ca–Cpep, Ca–Cb. The distribution of
their q(rBCP) and ∇2q(rBCP) values in the eight peptide bond regions
(four in Ala–Tyr–Ala molecules of 1 and 2 and four in the two
crystallographically independent tri-L-alanine molecules) is shown
in Fig. 5. It can be seen that the spread is small for the electron
density values and larger for the Laplacians, however, in no case is
an influence of the central amino acid on the main chain topology
seen. This is confirmed by the averages listed in Table 4, where the
statistical uncertainties (0.04–0.07 e Å−3 and 2–6 e Å−5) are in the
same ranges as given above when only corresponding properties
for 1 and 2 of Ala–Tyr–Ala were compared.


This transferability found for bond topological properties is
supported by a comparison of atomic properties. This can be seen
from individual atom volumes and charges which are listed for 1, 2
and both independent molecules of tri-L-alanine (3) in Table 2, but
even better from the averages summarized in Table 5. For all atoms


Table 4 Averaged values of electron density and Laplacian at the BCPs
(in e Å−3 and e Å−5, respectively) for the different bond types in 1, 2 and 3
derived from experiment, n = no. of contributing data


Bond type n q(r) ∇2q(r)


Opep–Cpep 8 2.90(7) −31.3(58)
Npep–Cpep 8 2.44(4) −22.9(25)
Npep–Ca 8 1.82(4) −11.3(19)
Ca–Cpep 8 1.71(5) −11.0(22)
Ca–Cb 12 1.64(6) −9.6(18)
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Fig. 2 Relationships of (a) q(rBCP) and (b) ∇2q(rBCP) at H · · · O bond
critical points (in e Å−3/e Å−5) plotted vs H · · · O distances (in Å).
(c) Correlation between the H-bond energy/kcal mol−1 and q(rBCP)/e Å−3


at H · · · O bond critical points.


in the peptide bond region the internal consistency is within 0.1 e
for the charges and 0.9 Å3 for the volumes. Moreover the averages
for the eight peptide groups in 1, 2 and 3 compare properly with
the corresponding results from a study on five dipeptides and one
hexapeptide (second lines in Table 5).27


Table 5 Averaged charges Q001 (e) and volumes V 001 (Å3)for the atoms in
the peptide groups of 1, 2, 3 (first line), corresponding averages from the
literature27 (second line), n = number of contributing data


Atom n Q001 V 001


Ca 12 0.18(7) 7.0(3)
16 0.24(9) 7.1(6)


Cpep 8 1.02(10) 6.3(4)
11 0.98(7) 6.6(4)


Opep 8 −1.07(7) 15.7(6)
11 −0.87(10) 16.1(6)


Npep 8 −1.01(6) 12.6(2)
11 −1.00(6) 11.7(9)


Hence, neither from bond topological nor atomic properties
can be seen any influence from whether the central amino acid is
alanine or tyrosine. This verifies experimentally Bader’s concept
of the transferability of chemically equivalent submolecular frag-
ments and encourages the use of database approaches for electron
density modelling of macromolecules.28–31


Experimental


Two modifications of the tripeptide L-alanyl–L-tyrosyl-L–alanine
with different solvent molecules were obtained by two ways of
crystallization. The crystallization from water by slow evaporation
of the solvent yielded crystals of modification 1. Crystals of
modification 2 were prepared by diffusion of ethanol into an
aqueous solution of the tripeptide at room temperature.


Crystal structures of both modifications of Ala–Tyr–Ala have
already been published based on low-order X-ray data sets
(sinh/k < 0.85 Å−1).17 In order to obtain the high order reflections
for water modification 1 we continued the measurement up to
a resolution of sinh/k = 1.24 Å−1 with synchrotron radiation
(beamline D3 at Hasylab/DESY, Hamburg, Germany) using a
recently installed He gas stream cooling (Helijet) to allow a data
collection at 9 K.‡ For 2, intensity data was measured with Mo Ka
radiation at 20 K on a Huber four circle diffractometer equipped
with a double stage closed-cycle He cryostat where a 0.1 mm
Kapton film vacuum chamber around the cold head was used.32‡
Diffracted intensities were measured with a MAR165-CCD area
detector at the synchrotron beamline33 while a Bruker APEX-
CCD detector34 was used at the Huber diffractometer. The XDS
software35 was applied for integration of the MAR detector data,
while this was done with SAINT and SADABS34 for the APEX
data.


Spherical refinements of both structures 1 and 2 were performed
with SHELXL36 and the obtained spherical models were used
as the input for aspherical atom multipole formalism37 using the
program package XD.18 The hexadecapolar level of the multipole
populations was used for C, N and O atoms, while bond-directed
dipoles were applied for H atoms. Moreover, for the partially
occupied water molecule the occupancies of O(8), H(81) and
H(82) atoms were kept fixed and the multipole parameters were
constrained to those of the fully-occupied water molecule: O(6),
H(61) and H(62). During the final cycles of both refinements for 1
and 2, ten j parameters were refined in the least-squares procedure.
Three-fold symmetry, 3, was introduced for methyl carbon atoms
(C7, C8, C32) and ammonium nitrogen atom (N1). Moreover,
m symmetry was assigned to the atoms of peptide bonds (C2,
N2, C4, N3), the carbon atom of carboxylate group (C6), the C
atoms in phenyl ring (C21–C26) and water oxygen atoms (O6, O7,
O8). The bond lengths to H atoms were set to standard neutron
distances.38


Fig. 6a–b show the residual density maps in the planes of the
peptide bond O(1)C(2)N(2) for 1 and 2. It should be noted that
for the water modification (Fig. 6a) a slightly higher noise level is
observed in comparison to the ethanol one (Fig. 6b), however, no
significant residual density shows up.


‡ CCDC reference numbers 609565–609566. For crystallographic data in
CIF format see DOI: 10.1039/b607744g
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Fig. 3 Three-dimensional representation of the Hirshfeld surface for the ethanol modification 2 calculated from experimental charge density (drawing
generated with Moliso25). Crystal electron density (e Å−3) mapped by a colour code onto this surface, see colour bar.


Further details of the multipole refinements for 1 and 2 are
presented in Table 6.


Theoretical calculations


To explore experimental results versus theory, single-point density-
functional calculations were performed using the program pack-
age GAUSSIAN 03.39 The calculations were based on the experi-
mental geometry of 1 and 2 at the B3LYP/6-311 + + G(3df,3pd)
level of approximation. Topological analysis was performed with
the program AIM 2000.40 Since the molecular geometries of 1 and
2 are very similar, the derived topological properties from these


calculations agree within 0.01 e Å−3/0.2 e Å−5 for q(rBCP)/∇2q(rBCP),
so that only the theoretical means of 1 and 2 are listed in Table 1.


Conclusions


The existence of the title tripeptide L-Ala–L-Tyr–L-Ala in two
crystal lattices with similar molecular structures (and even similar
intermolecular interactions, in most cases) offered the favorable
opportunity to examine the reproducibility of the charge density
of the title molecule in different crystal structures but widely com-
parable crystalline environments. In addition, the experimental
conditions were different, synchrotron primary radiation, open


Table 6 Crystallographic data and multipole refinement details for 1 and 2‡


1 2


Chemical formula C15H21N3O5 × 2.634 H2O C15H21N3O5 × C2H5OH
Mr 370.82 369.42
Cell setting, space group, Z Monoclinic, P21 (no.4), Z = 2 Monoclinic, P21 (no.4), Z = 2
a, b, c/Å 8.121(4), 9.299(6), 12.532(5) 8.845(2), 9.057(2), 12.364(3)
b (deg) 91.21(2) 94.56(3)
V/Å3 946.2(7) 987.3(3)
T/K 9 20
sinh/k/Å−1 or d/Å 1.24 (0.40) 1.11 (0.45)
No. of measured reflections 203534 112650
No. of unique reflections 14111 11703
Redundancy 14.4 9.6
Completeness (%) 91.2 99.4
Rint 0.0535 0.0415
No. of reflections (Nref) 12875 10901
No. of variables (Nv) 683 722
R (F), Rall (F), Rw (F) 0.0293, 0.0351, 0.0208 0.0223, 0.0264, 0.0177
R (F 2), Rall (F 2), Rw (F 2) 0.0350, 0.0364, 0.0412 0.0292, 0.0300, 0.0350
Gof 2.06 1.63
Nref/Nv 18.8 15.1
Dqmin, Dqmax/e Å−3 −0.360, 0.329 −0.235, 0.273
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Fig. 4 Three-dimensional representation of the electrostatic potential for 1 (a) and 2 (b) calculated from the experimental charge densities (drawing
generated with Moliso25). The colour code is shown by the colour bar.


flow He gas stream cooling, MAR165-CCD area detector for 1;
conventional Mo Ka radiation, closed cycle cryostat cooling and
Bruker APEX-CCD area detector for 2. The topological analysis
of the experimental charge densities allowed a detailed quantitative
comparison of both data sets and indicated a reproducibility
of bond topological properties within 0.07 e Å−3/4.9 e Å−5 for
q(rBCP)/∇2q(rBCP) and 0.8 Å3 and 0.1 e for atomic volumes V 001


and charges Q001. These average uncertainties are in line with
several literature studies, where quantitative data of this type were
compared.


The important question of the transferability of submolecular
properties was examined with respect to the reference tripeptide
L-Ala–L-Ala–L-Ala. The agreement of bond and atomic topo-
logical properties is in the same range as given above for the
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Fig. 5 Comparison of the bond topological properties of different types
of bonds within the main peptide chain for L-Ala–L-Tyr–L-Ala (1 and 2)
and L-Ala–L-Ala–L-Ala (3), molecules I and II derived from experiment.


Fig. 6 Residual maps in the peptide bonds for 1 (a) and 2 (b). Positive,
negative and zero contours are represented by solid, dotted and dashed
lines, respectively. Contour intervals at 0.1 e Å−3.


reproducibility. It follows that from the replacement of the central
amino acid L-Ala by L-Tyr no influence is seen, neither on bond nor
on the atomic properties. If there is any influence it is beyond the
accuracy of experimental electron density work being reachable at
present. These findings confirm experimentally the nearest/next
nearest neighbor approximation41 and support the use of the
presently developing data base approaches for electron density
modelling of polypeptides where the transferability principle is an
essential prerequisite for their validity. To substantiate the present
results further, more charge density studies on the system Ala-
XXX-Ala are in progress so that the influence of individual amino
acid residues on the topology of oligopeptide main chains can be
studied on a broader basis of quantitative properties.
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Using a convergent palladium-catalyzed construction of the
carbazole framework as the key step we have achieved a short
synthesis of the 7-oxygenated carbazole alkaloids clauszoline-
K, 3-formyl-7-hydroxycarbazole, clausine C (clauszoline-L),
clausine M, clausine N and the anti-HIV active siamenol.


Most of the carbazole alkaloids isolated from terrestrial plants
biogenetically derive from 3-methylcarbazole as the common
precursor.1,2 Further metabolic transformation includes oxidation
of the methyl group, oxygenation at different positions, and preny-
lation or geranylation, which could be followed by cyclization.
Therefore, carbazole alkaloids have been classified based on their
oxygenation pattern.1,2 Their broad range of useful biological
activities induced a strong synthetic interest.1–3 The iron-mediated
oxidative coupling of arylamines and cyclohexadienes represents
the most versatile route to carbazole alkaloids.2,4 Recently, this
strategy was applied to the total synthesis of 2,7-dioxygenated
carbazoles.5 Herein, we report a palladium-catalyzed approach to
7-oxygenated carbazole alkaloids including the first total syntheses
of clauszoline-K (1), 3-formyl-7-hydroxycarbazole (2), clausine M
(4), clausine N (5), siamenol (6) and a novel route to clausine C
(clauszoline-L) (3) (Fig. 1).


Clauszoline-K (1) and clauszoline-L (3) were isolated by Ito
et al. in 1997 from the stem bark of the Chinese medicinal
plant Clausena excavata.6 Wu and his group in Taiwan had
already obtained alkaloid 3 a year before from the same natural
source and named it clausine C.7 3-Formyl-7-hydroxycarbazole
(2) was isolated by Wu and Furukawa from the root bark of
Murraya euchrestifolia.8 In 1999, Wu’s group reported the isolation
and structural elucidation of clausine M (4) and clausine N
(5) from the root bark of Clausena excavata.9 One year later,
Boyd and co-workers found that the organic extract of Murraya
siamensis, collected in Thailand, showed anti-HIV activity.10 A
bioassay-guided fractionation of the extract led to the isolation
of siamenol (6), which in the XTT-tetrazolium assay exhibited an
HIV inhibitory activity (EC50 = 2.6 lg mL−1).


We have developed an efficient approach to the carbazole frame-
work via sequential palladium-catalyzed C–N and C–C bond
formation.11 The Pd(0)-catalyzed Buchwald–Hartwig amination
of an aryl halide with the corresponding arylamine to an N,N-
diarylamine represents the first step.12 The Pd(II)-mediated C–H
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Fig. 1 Naturally occurring 7-oxygenated tricyclic carbazole alkaloids.


bond activation of N,N-diarylamines to furnish the carbazole
heterocycle was reported first by Åkermark et al.13 For the
synthesis of carbazole-1,4-quinones, we demonstrated first that
this process becomes catalytic in palladium by reoxidation of Pd(0)
to Pd(II) using cupric acetate.14 Several alternative palladium-
catalyzed carbazole constructions have been reported since.15


Herein, we describe an optimization of our Pd(II)-catalyzed C–
H bond activation followed by oxidative cyclization and its
application to the generation of the 9H-carbazole skeleton.


The Pd(0)-catalyzed reaction of m-anisidine (7) and p-bromo-
toluene (8) led quantitatively to the diarylamine 9 (Scheme 1).16


Cyclization of compound 9 using stoichiometric amounts of
palladium(II) acetate provided 3-methyl-7-methoxycarbazole (10)
in only 36% yield as the best result (Table 1).17 The structure of 10
has been confirmed by its spectroscopic data and X-ray analysis
(Fig. 2).‡ We found that the oxidative cyclization with catalytic
amounts of Pd(II) gave better yields than its stoichiometric version.
Using 10 mol% of Pd(II) and an excess of cupric acetate, carbazole
10 was obtained in 72% yield under optimized conditions (see ex-
perimental section). Using smaller amounts of palladium catalyst
and extended reaction times the turnover number for the catalytic
cycle was even better. We assumed that the reason for the low
yield of 10 in the stoichiometric cyclization is oxidation of the
carbazole under the reaction conditions. In order to support this
hypothesis carbazole 10 (250 mg, 1.18 mmol) was treated with
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Table 1 Palladium(II)-catalyzed oxidative cyclization of diarylamine 9 to 7-methoxy-3-methylcarbazole (10)


Pd(OAc)2 Reaction conditions Yield (%) TONa


1.2 equiv. HOAc, reflux, argon, 2 h 36 —
10 mol% 2.5 equiv. Cu(OAc)2, HOAc, reflux, air, 23 h 64 6.4
10 mol% 2.5 equiv. Cu(OAc)2, HOAc, reflux, air, 2 d 72 7.2
5 mol% 2.5 equiv. Cu(OAc)2, HOAc, reflux, air, 40 h 61 12.2
2 mol% 2.5 equiv. Cu(OAc)2, HOAc, reflux, air, 6 d 53 26.5


a TON = turnover number.


Scheme 1 Palladium-catalyzed synthesis of clauszoline-K (1) and
3-formyl-7-hydroxycarbazole (2). Reagents and conditions: (i) 6 mol%
Pd(OAc)2, 5 mol% rac-BINAP, Cs2CO3, toluene, reflux, 16 h, 100%;
(ii) 10 mol% Pd(OAc)2, 2.5 equiv. Cu(OAc)2, acetic acid, reflux, air, 2 d,
72%; (iii) 4.2 equiv. DDQ, MeOH–H2O (10 : 1), rt, 40 min, 79%;
(iv) 2.5 equiv. BBr3, CH2Cl2, −78 ◦C to −20 ◦C, 20 h, 34%.


Fig. 2 Molecular structure of 7-methoxy-3-methylcarbazole (10).


stoichiometric amounts of Pd(OAc)2 (1.2 equiv.) for just 1 h under
the conditions of the oxidative cyclization (acetic acid at reflux);
due to decomposition, only 65% of starting material could be
reisolated after this time.


Carbazole 10 was used as a relay compound to 7-oxygenated
carbazole alkaloids (Scheme 1). Oxidation of 10 with 2,3-dichloro-
5,6-dicyano-1,4-benzoquinone (DDQ) led to clauszoline-K (1),
which on cleavage of the methyl ether using boron tribromide
afforded 3-formyl-7-hydroxycarbazole (2) (Fig. 3).§


Clauszoline-K (1) was transformed quantitatively to clausine
C (clauszoline-L) (3) by treatment with manganese dioxide and
potassium cyanide in methanol18 (Scheme 2; Fig. 4).¶ Our
approach provides clausine C (3) in four steps (57% overall
yield) based on commercial starting materials (7 and 8), while


Fig. 3 Molecular structure of 3-formyl-7-hydroxycarbazole (2).


Scheme 2 Transformation of clauszoline-K (1) into the clausines C (3), M
(4) and N (5). Reagents and conditions: (i) 26 equiv. MnO2, 4.8 equiv. KCN,
MeOH, rt, 24 h, 100%; (ii) 4.5 equiv. BBr3, CH2Cl2, −78 ◦C to rt, 90 min,
52%; (iii) KOH, EtOH–H2O (2.3 : 1), reflux, 1 h, 99%.


Fig. 4 Molecular structure of clausine C (clauszoline-L) (3).


a previously reported route required six steps (40% overall yield)
starting from a non-commercial compound.19 Ether cleavage of
clausine C (3) gave clausine M (4), while saponification of the
ester led to clausine N (5).


Electrophilic bromination of carbazole 10 afforded the 6-
bromocarbazole 11 (Scheme 3; Fig. 5). ‖ Cleavage of the methyl
ether to 12 and subsequent nickel-mediated coupling using the
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Scheme 3 Synthesis of siamenol (6). Reagents and conditions: (i) 1.1 equiv.
NBS, CCl4, reflux, 30 min, 100%; (ii) 2 equiv. BBr3, CH2Cl2, −78 ◦C to rt,
16 h, 100%; (iii) 1. 9.5 equiv. prenyl bromide, 12 equiv. Ni(COD)2, DMF,
rt, 30 min (glove box); 2. 1 equiv. 12, DMF, rt, 6 d, 47%.


Fig. 5 Molecular structure of the 6-bromocarbazole (11).


dimeric p-prenylnickel bromide complex, prepared in situ from
prenyl bromide and bis(1,5-cyclooctadiene)nickel(0),20 led directly
to siamenol (6). However, the purification of the natural product
proved to be difficult. Pure siamenol (6) was finally obtained
by preparative HPLC of the crude product using a Vydac C8
50 mm column (gradient elution with MeCN/H2O, from 30 to
80% MeCN in 25 min). The spectroscopic data of our synthetic
compounds 1–6 (see Experimental section) are in full agreement
with those reported for the corresponding natural products.6–10


In conclusion, via the palladium(II)-catalyzed oxidative cycliza-
tion to 7-methoxy-3-methylcarbazole, we developed a broad access
to a series of 7-oxygenated tricyclic carbazole alkaloids including
the anti-HIV active siamenol (five steps, 34% overall yield). Our
study opens up a simple and direct route to a potential novel class
of naturally derived anti-HIV agents.21


Experimental


Palladium(II)-catalyzed oxidative cyclization to
7-methoxy-3-methylcarbazole (10)


Pd(OAc)2 (96 mg, 0.43 mmol) and Cu(OAc)2 (1.94 g, 10.68 mmol)
were added to a solution of the diarylamine 9 (909 mg, 4.26 mmol)
in glacial acetic acid (45 mL) and the mixture was stirred under
reflux for 2 d in air. After cooling to rt, the black solution was
filtered over a short pad of Celite and silica gel (Et2O). Evaporation
of the solvent and flash chromatography (light petroleum ether–
EtOAc, 4 : 1) of the residue on silica gel provided 7-methoxy-
3-methylcarbazole (10), yield: 651 mg (72%). Colorless crystals;


mp: 227–228 ◦C. UV (MeOH): k = 237, 259, 303, 321 (sh) nm. IR
(ATR): m = 3397, 2905, 2834, 1610, 1460, 1372, 1338, 1307, 1292,
1225, 1196, 1158, 1133, 1104, 1034, 1017, 937, 884, 804, 731, 633,
587 cm−1. 1H NMR (500 MHz, acetone-d6): d = 2.50 (s, 3 H), 3.89
(s, 3 H), 6.81 (dd, J = 8.5, 2.2 Hz, 1 H), 7.03 (d, J = 2.2 Hz, 1 H),
7.15 (dd, J = 8.2, 1.3 Hz, 1 H), 7.36 (d, J = 8.2 Hz, 1 H), 7.82
(m, 1 H), 7.96 (d, J = 8.5 Hz, 1 H), 10.08 (br s, 1 H). 13C NMR
and DEPT (125 MHz, acetone-d6): d = 21.46 (CH3), 55.65 (CH3),
95.30 (CH), 108.52 (CH), 111.06 (CH), 117.60 (C), 119.95 (CH),
121.44 (CH), 124.39 (C), 126.27 (CH), 128.59 (C), 139.21 (C),
142.62 (C), 159.95 (C). MS (EI): m/z = 211 (100) [M+], 210 (15),
196 (51), 168 (45), 167 (16). HRMS: m/z calc. for C14H13NO [M+]:
211.0997; found: 211.0985. Anal. calc. for C14H13NO: C 79.59, H
6.20, N 6.63; found: C 79.65, H 6.30, N 6.68%.


Clauszoline-K (1)


Light yellow crystals; mp: 183–186 ◦C. UV (MeOH): k = 234, 251
(sh), 287, 292, 295, 326 (sh), 344 (sh) nm. IR (ATR): m = 3286,
2925, 2808, 2737, 1671, 1609, 1571, 1483, 1412, 1328, 1239, 1200,
1161, 1120, 1033, 950, 886, 808, 733, 687, 611 cm−1. 1H NMR
(500 MHz, acetone-d6): d = 3.93 (s, 3 H), 6.95 (dd, J = 8.6, 2.2 Hz,
1 H), 7.15 (d, J = 2.2 Hz, 1 H), 7.64 (d, J = 8.4 Hz, 1 H), 7.92 (dd,
J = 8.4, 1.6 Hz, 1 H), 8.16 (d, J = 8.6 Hz, 1 H), 8.62 (m, 1 H),
10.11 (s, 1 H), 10.77 (br s, 1 H). 1H NMR (500 MHz, CDCl3): d =
3.90 (s, 3 H), 6.92 (dd, J = 8.5, 2.2 Hz, 1 H), 6.95 (d, J = 2.2 Hz,
1 H), 7.45 (d, J = 8.4 Hz, 1 H), 7.89 (dd, J = 8.4, 1.5 Hz, 1 H),
7.98 (d, J = 8.5 Hz, 1 H), 8.38 (br s, 1 H), 8.49 (m, 1 H), 10.07
(s, 1 H). 13C NMR and DEPT (125 MHz, acetone-d6): d = 55.79
(CH3), 95.93 (CH), 110.09 (CH), 111.75 (CH), 117.52 (C), 122.17
(CH), 123.45 (CH), 124.39 (C), 126.24 (CH), 130.09 (C), 143.10
(C), 144.74 (C), 160.77 (C), 191.97 (CHO). 13C NMR and DEPT
(125 MHz, CDCl3): d = 55.67 (CH3), 95.19 (CH), 109.40 (CH),
110.58 (CH), 116.90 (C), 121.50 (CH), 122.80 (CH), 123.78 (C),
126.42 (CH), 129.21 (C), 141.38 (C), 143.38 (C), 159.78 (C), 192.03
(CHO). MS (EI): m/z = 225 (100) [M+], 224 (25), 210 (32), 196
(11), 182 (32), 153 (10). HRMS: m/z calc. for C14H11NO2 [M+]:
225.0790; found: 225.0787. Anal. calc. for C14H11NO2: C 74.65,
H 4.92, N 6.22; found: C 74.52, H 4.95, N 6.09%.


3-Formyl-7-hydroxycarbazole (2)


Light yellow crystals; mp > 250 ◦C (decomp.). UV (MeOH): k =
231, 252 (sh), 287 (sh), 294, 327, 345 (sh) nm. IR (ATR): m = 3326,
3231, 2922, 2852, 2752, 1652, 1627, 1602, 1573, 1505, 1488, 1467,
1419, 1376, 1327, 1211, 1175, 1157, 1133, 1008, 956, 895, 806, 775,
733, 677, 662, 623 cm−1. 1H NMR (500 MHz, acetone-d6): d =
6.88 (dd, J = 8.4, 2.0 Hz, 1 H), 7.04 (d, J = 2.0 Hz, 1 H), 7.59
(d, J = 8.4 Hz, 1 H), 7.89 (dd, J = 8.4, 1.5 Hz, 1 H), 8.08 (d,
J = 8.4 Hz, 1 H), 8.57 (m, 1 H), 8.59 (br s, 1 H), 10.09 (s, 1 H),
10.66 (br s, 1 H). 13C NMR and DEPT (125 MHz, acetone-d6):
d = 97.96 (CH), 110.59 (CH), 111.57 (CH), 116.89 (C), 122.21
(CH), 123.10 (CH), 124.64 (C), 126.12 (CH), 129.98 (C), 143.35
(C), 144.72 (C), 158.30 (C), 191.95 (CHO). MS (EI): m/z = 211
(100) [M+], 210 (54), 199 (11), 182 (35), 154 (9). HRMS: m/z calc.
for C13H9NO2 [M+]: 211.0633; found: 211.0620. Anal. calc. for
C13H9NO2: C 73.92, H 4.29, N 6.63; found: C 74.22, H 4.46, N
6.32%.


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 3215–3219 | 3217







Clausine C (clauszoline-L) (3)


Light yellow crystals; mp: 195 ◦C. UV (MeOH): k = 217, 238, 248,
282, 320 nm. IR (ATR): m = 3273, 2996, 2924, 2836, 1695, 1629,
1602, 1581, 1509, 1489, 1467, 1437, 1403, 1324, 1292, 1257, 1191,
1159, 1135, 1096, 1031, 976, 949, 904, 830, 815, 754, 726, 605 cm−1.
1H NMR (500 MHz, acetone-d6): d = 3.92 (s, 3 H), 3.94 (s, 3 H),
6.93 (dd, J = 8.6, 2.2 Hz, 1 H), 7.13 (d, J = 2.2 Hz, 1 H), 7.55
(d, J = 8.5 Hz, 1 H), 8.04 (dd, J = 8.5, 1.6 Hz, 1 H), 8.14 (d, J =
8.6 Hz, 1 H), 8.73 (m, 1 H), 10.64 (br s, 1 H). 1H NMR (500 MHz,
CDCl3): d = 3.89 (s, 3 H), 3.96 (s, 3 H), 6.89 (dd, J = 8.5, 2.2 Hz,
1 H), 6.91 (d, J = 2.2 Hz, 1 H), 7.36 (d, J = 8.5 Hz, 1 H), 7.96 (d,
J = 8.5 Hz, 1 H), 8.05 (dd, J = 8.5, 1.6 Hz, 1 H), 8.27 (br s, 1 H),
8.69 (m, 1 H). 13C NMR and DEPT (125 MHz, acetone-d6): d =
51.89 (CH3), 55.75 (CH3), 95.75 (CH), 109.75 (CH), 111.01 (CH),
117.51 (C), 121.78 (C), 122.02 (CH), 122.16 (CH), 123.98 (C),
126.56 (CH), 142.99 (C), 143.80 (C), 160.60 (C), 167.97 (C=O).
13C NMR and DEPT (125 MHz, CDCl3): d = 51.94 (CH3), 55.63
(CH3), 95.01 (CH), 108.97 (CH), 109.83 (CH), 117.04 (C), 121.36
(CH), 121.43 (C), 121.89 (CH), 123.28 (C), 126.27 (CH), 141.27
(C), 142.33 (C), 159.50 (C), 167.97 (C=O). MS (EI): m/z = 255
(100) [M+], 240 (23), 225 (20), 224 (44), 213 (23), 212 (21), 196 (16),
183 (9), 181 (9). HRMS: m/z calc. for C15H13NO3 [M+]: 255.0895;
found: 255.0907. Anal. calc. for C15H13NO3: C 70.58, H 5.13, N
5.49; found: C 70.70, H 5.50, N 5.34%.


Clausine M (4)


Light yellow crystals; mp: 220–222 ◦C. UV (MeOH): k = 219 (sh),
239 (sh), 247, 283, 309 (sh), 318 (sh) nm. IR (ATR): m = 3369,
2958, 2929, 2860, 1733, 1610, 1462, 1380, 1269, 1171, 1135, 1074,
769, 743, 604 cm−1. 1H NMR (500 MHz, acetone-d6): d = 3.94 (s,
3 H), 6.87 (dd, J = 8.4, 2.1 Hz, 1 H), 7.02 (d, J = 2.1 Hz, 1 H),
7.52 (d, J = 8.5 Hz, 1 H), 8.01 (dd, J = 8.5, 1.6 Hz, 1 H), 8.07 (d,
J = 8.4 Hz, 1 H), 8.59 (s, 1 H), 8.69 (m, 1 H), 10.55 (br s, 1 H). 13C
NMR and DEPT (125 MHz, acetone-d6): d = 51.87 (CH3), 97.79
(CH), 110.30 (CH), 110.85 (CH), 116.90 (C), 121.64 (C), 121.90
(CH), 122.04 (CH), 124.23 (C), 126.36 (CH), 143.27 (C), 143.79
(C), 158.14 (C), 168.03 (C=O). MS (EI): m/z = 241 (100) [M+],
210 (50), 182 (22), 153 (6). HRMS: m/z calc. for C14H11NO3 [M+]:
241.0739; found: 241.0765.


Clausine N (5)


Light yellow crystals; mp > 264 ◦C (decomp.). UV (MeOH): k =
237 (sh), 247, 278, 307 (sh), 319 nm. IR (ATR): m = 3385, 2921,
2851, 1666, 1606, 1579, 1505, 1485, 1464, 1436, 1413, 1341, 1320,
1294, 1262, 1188, 1151, 1123, 1096, 1028, 942, 897, 813, 765, 752,
723, 683, 620, 591 cm−1. 1H NMR (500 MHz, acetone-d6): d =
3.92 (s, 3 H), 6.93 (dd, J = 8.6, 2.2 Hz, 1 H), 7.13 (d, J = 2.2 Hz,
1 H), 7.56 (d, J = 8.5 Hz, 1 H), 8.07 (dd, J = 8.5, 1.6 Hz, 1 H),
8.30 (d, J = 8.6 Hz, 1 H), 8.77 (d, J = 1.6 Hz, 1 H). 13C NMR
and DEPT (125 MHz, acetone-d6): d = 55.75 (CH3), 95.68 (CH),
109.71 (CH), 110.89 (CH), 117.51 (C), 121.92 (C), 122.00 (CH),
122.50 (CH), 123.92 (C), 126.89 (CH), 142.84 (C), 143.68 (C),
160.55 (C), 168.44 (C=O). MS (EI): m/z = 241 (76) [M+], 226
(28), 211 (8), 198 (27), 111 (44), 97 (63), 71 (69), 57 (100). HRMS:
m/z calc. for C14H11NO3 [M+]: 241.0739; found: 241.0748. Anal.
calc. for C14H11NO3: C 69.70, H 4.60, N 5.81; found: C 69.84, H
4.62, N 5.84%.


Siamenol (6)


Colorless crystals; mp: 132–133 ◦C. UV (MeOH): k = 262, 308,
326 (sh), 338 (sh) nm. IR (ATR): m = 3538, 3388, 2967, 2909,
2853, 1638, 1618, 1584, 1494, 1461, 1375, 1337, 1302, 1255, 1229,
1148, 1113, 1092, 1013, 882, 847, 828, 798, 734 cm−1. 1H NMR
(500 MHz, CDCl3): d = 1.81 (s, 3 H), 1.84 (s, 3 H), 2.50 (s, 3 H),
3.50 (d, J = 7.1 Hz, 2 H), 5.29 (br s, 1 H), 5.40 (m, 1 H), 6.77
(s, 1 H), 7.13 (d, J = 8.1 Hz, 1 H), 7.21 (d, J = 8.1 Hz, 1 H),
7.69 (br s, 1 H), 7.72 (s, 1 H), 7.75 (s, 1 H). 1H NMR (500 MHz,
MeOH-d4): d = 1.84 (s, 6 H), 2.52 (s, 3 H), 3.48 (d, J = 7.4 Hz,
2 H), 5.50 (m, 1 H), 6.87 (s, 1 H), 7.11 (d, J = 8.1 Hz, 1 H), 7.26
(d, J = 8.1 Hz, 1 H), 7.68 (s, 1 H), 7.71 (s, 1 H). 13C NMR and
DEPT (125 MHz, CDCl3): d = 17.91 (CH3), 21.42 (CH3), 25.86
(CH3), 30.42 (CH2), 97.24 (CH), 109.92 (CH), 117.15 (C), 119.41
(CH), 120.83 (CH), 122.59 (CH), 123.67 (C), 125.67 (C), 125.67
(CH), 128.59 (C), 134.71 (C), 137.72 (C), 139.86 (C), 153.64 (C).
13C NMR and DEPT (125 MHz, MeOH-d4): d = 17.88 (CH3),
21.54 (CH3), 26.03 (CH3), 29.69 (CH2), 97.08 (CH), 110.84 (CH),
117.25 (C), 119.65 (CH), 120.87 (CH), 121.63 (C), 125.01 (C),
125.11 (CH), 125.84 (CH), 128.47 (C), 132.24 (C), 139.60 (C),
141.57 (C), 155.31 (C). MS (EI): m/z = 265 (77) [M+], 250 (25),
248 (26), 210 (100), 209 (38), 197 (69), 196 (48), 180 (12), 167 (12).
HRMS: m/z calc. for C18H19NO [M+]: 265.1467; found: 265.1472.
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Notes and references


‡ Crystal data for 10: C14H13NO, M = 211.25, monoclinic, space group:
P21/c, a = 22.924(3), b = 5.787(1), c = 8.020(1) Å, b = 96.98(3)◦, V =
1056.1(4) Å3, Z = 4, Dc = 1.329 g cm−3, l = 0.084 mm−1, T = 198(2)
K, k = 0.71073 Å, h range: 3.58–25.40◦, 13562 reflections measured, 1915
independent (Rint = 0.0280), 151 parameters. The structure was solved
by direct methods and refined by full-matrix least-squares on F 2; final R
indices for 1618 observed reflections [I > 2r(I)]: R1 = 0.0457, wR2 = 0.1179;
maximal residual electron density: 0.674 e Å−3. CCDC reference number
609679. For crystallographic data in CIF or other electronic format see
DOI: 10.1039/b607792g.
§Crystal data for 2: C13H9NO2, M = 211.21, monoclinic, space group:
P21/n, a = 7.381(1), b = 11.493(1), c = 11.058(1) Å, b = 95.02(1)◦, V =
934.45(17) Å3, Z = 4, Dc = 1.501 g cm−3, l = 0.103 mm−1, T = 198(2)
K, k = 0.71073 Å, h range: 3.29–30.00◦, 25734 reflections measured, 2704
independent (Rint = 0.0442), 153 parameters. The structure was solved
by direct methods and refined by full-matrix least-squares on F 2; final R
indices for 2059 observed reflections [I > 2r(I)]: R1 = 0.0414, wR2 = 0.1062;
maximal residual electron density: 0.364 e Å−3. CCDC reference number
609677. For crystallographic data in CIF or other electronic format see
DOI: 10.1039/b607792g.
¶Crystal data for 3: C15H13NO3, M = 255.26, triclinic, space group: P1,
a = 8.118(3), b = 9.020(2), c = 9.143(3) Å, a = 101.10(2), b = 102.27(3), c =
104.33(3)◦, V = 612.2(4) Å3, Z = 2, Dc = 1.385 g cm−3, l = 0.097 mm−1,
T = 198(2) K, k = 0.71073 Å, h range: 3.03–25.40◦, 14687 reflections
measured, 2242 independent (Rint = 0.0536), 178 parameters. The structure
was solved by direct methods and refined by full-matrix least-squares
on F 2; final R indices for 1792 observed reflections [I > 2r(I)]: R1 =
0.0450, wR2 = 0.1141; maximal residual electron density: 0.169 e Å−3.
CCDC reference number 609678. For crystallographic data in CIF or
other electronic format see DOI: 10.1039/b607792g.
‖ Crystal data for 11: C14H12BrNO, M = 290.16, monoclinic, space group:
P21, a = 6.642(1), b = 7.761(1), c = 11.984(5) Å, b = 105.13(3)◦, V =
596.3(3) Å3, Z = 2, Dc = 1.616 g cm−3, l = 3.428 mm−1, T = 198(2) K,
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k = 0.71073 Å, h range: 3.16–30.00◦, 16713 reflections measured, 3380
independent (Rint = 0.0289), 160 parameters. The structure was solved
by direct methods and refined by full-matrix least-squares on F 2; final
R indices for 3122 observed reflections [I > 2r(I)]: R1 = 0.0220, wR2 =
0.0440; absolute structure (Flack parameter): v = −0.005(6), maximal
residual electron density: 0.230 e Å−3. CCDC reference number 609680.
For crystallographic data in CIF or other electronic format see DOI:
10.1039/b607792g.
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A practical catalytic approach to the synthesis of 4-substituted 1,2,3,4-tetrahydro-b-carbolines
(THBCs, 1) and 1,2,3,9-tetrahydropyrano[3,4-b]indoles (2) via InBr3-catalyzed intramolecular
Friedel–Crafts (F–C) cyclization is described. The use of cross-metathesis reaction represents a direct
route to the cyclization precursors and the use of InBr3 (5 mol%) allowed polycyclic indole compounds
to be isolated in high yields under mild reaction conditions (rt, DCM, minutes). Finally, efforts toward
the development of a stereocontrolled version of the present cyclization are presented, highlighting
[salenAlCl] and bimetallic [(salenAlCl)2–InBr3] system as promising chiral Lewis acids (ee up to 60%).


The indole core is embedded in countless natural products showing
potent agrochemical and pharmacological activities.1 Among this
plethora of compounds, polycyclic chiral and achiral systems are
characterized by wide occurrence and primary roles in natural
products, and continue to inspire synthetic chemists in developing
practical, effective and environmentally benign protocols for
their preparation.2 In this regard, polyfunctionalized 1,2,3,4-
tetrahydro-b-carbolines (THBCs, 1),3 1,2,3,9-tetrahydropyrano-
[3,4-b]indoles (2)4 and more complex cyclic systems, embody L-
tryptophan as well as tryptamine motifs, proven to possess a
wide diversity of important medicinal activities such as anti-
tumoral and5 cardiovascular effects,6 and as treatments for allergic
rhinitis and asthma.7 As a result, considerable efforts have been
devoted toward the development of new, efficient intramolecular
alkylations of indoles via activated as well as inactivated olefins.8,9


The most famous synthetic approach for the construction of the
1-type polycyclic systems is represented by the Pictet–Spengler
(P–S) reaction (path a, Fig. 1).10


This biosynthetic protocol, initially documented as a valuable
route to the synthesis of tetrahydroisoquinolines, was also suc-
cessfully applied to THBCs by condensing various functionalized
tryptamines and carbonylic compounds under acidic (Brønsted
or Lewis) conditions. However, some intrinsic limitations of P–
S procedures, namely the requirement of harsh conditions and
a restricted applicability to the synthesis of biologically active 4-
substituted-THBCs (in this case time-demanding protocols for the
preparation of b-substituted tryptamine precursors are needed),
call for the development of new and milder complementary
protocols for the synthesis of polycyclic indole compounds.
Synthetic alternatives to the P–S reaction have been recently
proposed by us11 and other groups,12 (path b) involving a rational
intramolecular alkylation of indoles at the C-3 position.


As a part of our research area addressed to the catalytic Friedel–
Crafts-type (F–C)13 functionalization of indoles,14 we recently
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Selmi 2, 40126, Bologna, Italy. E-mail: marco.bandini@unibo.it, achille.
umanironchi@unibo.it; Fax: +39-051-2099456
† Electronic supplementary information (ESI) available: Typical proce-
dures for the synthesis of unknown compounds and for the asymmetric
transformations are reported. See DOI: 10.1039/b607864h


Fig. 1 Comparison of the P–S approach (path a) and intramolec-
ular F–C-type alkylation (path b) for the synthesis of polycyclic in-
dole-containing compounds.


reported on the effectiveness of InBr3 as a Lewis acid in promoting
intramolecular F–C-type Michael conjugate addition of indole
to enones.15 Such a protocol allowed racemic 4-functionalized
THBCs and oxygenated analogues 2 to be isolated in excellent
yields under mild conditions (low catalyst loading, aqueous
media).


In the present contribution, we will document a full account
of this investigation by updating and shortening the synthetic
protocol for the polycyclic precursors 8/12. Then, a stereocon-
trolled version of the present cyclization by using [salenAlCl] and
unprecedented bimetallic [(salenAlCl)2–InBr3] will be presented.


Results and discussion


Multi-step synthesis optimization


THBC precursors. In order to develop a practical catalytic
protocol for the construction of large libraries of polycyclic
compounds, we firstly pointed our attention toward an optimal
synthetic sequence for the corresponding precursors.


Consequently, although our previously reported syntheses of
indolyl enones 5 proved to be general in scope (Scheme 1a),
they showed some limitations in applicability. In particular,
the subsequent double oxidative steps followed by the Wittig
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Scheme 1 CM reaction as an alternative to the three-steps synthesis of THBC precursors. Reagents and conditions: (i) allyl amine, MgSO4, DCM;
(ii) NaBH4, MeOH; (iii) (Boc)2O (3 eq.), TEA, DCM; (iv) K2Os2O2(OH)4, DABCO, K3Fe(CN)6, K2CO3; (v) NaIO4, SiO2, DCM; (vi) RCOCH=PPh3,
toluene; (vii) (Boc)2O (1.0 eq.), TEA, DCM; (viii) 7a, Grubbs’ II, DCM, 40 ◦C.


reaction (4 → 5) suffered from poor reproducibility, involving
scarcely-stable indolyl aldehydes to be handled and requiring time-
consuming purification procedures.


To overcome some of these obstacles and to speed up the
entire process, we considered the olefin cross-metathesis (CM)
reaction as a markedly shorter synthetic route.16 In particular, CM
between mono-protected indole 617 and terminal a,b-unsaturated
ketones would provide directly indolyl enones type 8. In fact,
despite the low tendency of a,b-unsaturated ketones to take part
in metathesis coupling, the use of electron-deficient C=C double
bonds in metallocarbene promoted cross-metathesis has been
already fully documented.18 Among all the catalysts tested, the use
of a ruthenium–carbene complex, bearing the 1,3-dimesityl-4,5-
dihydroimidazol-2-ylidene ligand (Grubbs’ II generation catalyst),
yielded 8aa in a stereochemically defined manner (E : Z > 50 : 1,
65% isolated yield), and without the need for protection of the NH
group (Scheme 1b). Here, a range of polycyclic indole precursors 8
were synthesized with a definite trans double bond configuration,
by varying both the protecting group on the amine nitrogen (R)
and the substituent directly bound to the carbonyl moiety (R′).


From the data reported in Table 1, several conclusions can be
drawn. Despite the highly coordinating character of 6, they proved
to be suitable partners for ruthenium based CM by furnishing 8
in moderate to good yields, and in the case of low conversions,
discrete amounts of unreacted starting indolyl derivatives were
recovered. Moreover, moderate yield was also obtained with
phenylvinylketone (PVK) 7b19 (8ab, 38%, entry 6).


The substitution of the aminic nitrogen in the side chain by
electron-withdrawing moieties was necessary in order to avoid
poisoning of the ruthenium catalyst. For instance, when indole-
containing tertiary allylic aminic groups in the side chain (6e) were
employed, the desired 8ea was obtained only in traces (entry 4).
Here, even the employment of Ti(OiPr)4 as an additive20 did not
lead to any appreciable improvement.


Interestingly, the presence of phenyl groups in proximity of the
CM site (tethering chain, 6f) was detrimental for the ruthenium
mediated process. In this case in fact, the coupling mainly
furnished the saturated indolyl ketone 9 (Scheme 2). The formation


Table 1 Synthesis of indolyl enones 8 by cross-metathesis reactiona


Entry Indole 7 Productb Yield (%)c


1 6b 7a 8ba 34 (41)
2 6c 7a 8ca 50 (10)
3 6d 7a 8da 41 (20)
4 6e 7a 8ea Traces
5 (±)-6f 7a 8fa Traces (30)d


6 6a 7b 8ab 38 (45)


a All the reactions were carried out in degassed anhydrous CH2Cl2 (40 ◦C,
16 h) under a nitrogen atmosphere. b Isolated as the single E isomer
(determined by 1H NMR). c Isolated yields after flash chromatography. In
brackets is the amount of starting material (6) recovered after purification.
d See Scheme 2.


Scheme 2 Reagents and conditions: (i) 7a, Grubb’s II, CH2Cl2, 40 ◦C.
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of the by-product calls for the presence in solution of ruthenium
hydrido species responsible for the initial isomerization of (±)-6f,
which could successively couple with MVK producing 6f, finally
reduced to 9.21


To date, the influence of proximal aromatic rings on the reaction
outcome is still unclear. However, we can speculate that this
particular molecular framework might account for an accelerated
decomposition in solution of the Grubbs’ catalyst leading to [Ru]-
H species or dinuclear ruthenium complexes.22


Tetrahydropyranoindole precursors


The oxygenated THBC analogous 1,2,3,9-tetrahydropyrano-[3,4-
b]indoles 2 have been categorized as belonging to potent analgesic
families and some 1-acetic acid derivatives were successfully tested
as anti-inflammatory agents as well. Despite the well recognized
and diversified pharmacological activities, only very few routes
to their synthesis have been reported to date.4 Our previous
study permitted the synthesis of N-methylated indolyl enone (12a)
starting from the corresponding allyl ether 10a in 29% overall yield.
Also in this case, the improvement in terms of time and chemical
yields guaranteed by the use of CM was evident. In particular,
the optimal CM in comparison to the former pathway [(i), (ii),
Scheme 3]15 furnished 12a, 12b and 12c as the single E isomers in
72, 39 and 42% yield, respectively.


Scheme 3 Reagents and conditions: (i) K2Os2O2(OH)4, DABCO,
K3Fe(CN)6 (71%); (ii) NaIO4, SiO2, MeCOCH=PPh3 (41%); (iii) RCO-
CH=CH2, Grubbs’ II.


InBr3 catalyzed intramolecular F–C-type alkylation.


The importance of Friedel–Crafts cyclization is noteworthy,
allowing the synthesis of prominent polyfunctionalized aromatic
as well as heteroaromatic fused compounds to be performed in
a straightforward manner. The initial procedure (stoichiometric
amounts of Lewis acids as well as harsh reaction conditions) has
been subsequently replaced by milder and more environmentally
friendly catalytic approaches. In this context, innovative Lewis
acids (LAs)23 and transition-metal C–H activators24 demonstrated
their effectiveness for the intramolecular alkylation of several
arenes by unfunctionalized as well as functionalized C=C double
bonds, C≡C triple bonds and epoxides.9 With particular regard
to electron-rich aromatic systems, mild reaction conditions are
essential in order to prevent side-reactions such as a drop in
regiochemistry, poly-alkylations and competitive intermolecular


Table 2 In(III)Br catalyzed intramolecular F–Ca


Entry Starting X/Y/R/R′ Product Yield (%)b


1 8aa H/N-Boc/H/Me 1aa —c


2 8aa H/N-Boc/H/Me 1aa 90
3 8ab H/N-Boc/H/Ph 1ab 95
4 8ba H/N-Cbz/H/Me 1ba 95
5 8ca H/NCO2Me/H/Me 1ca 95
6 8da H/NCOCF3/H/Me 1da 70
7 12a H/O/Me/Me 2a 98
8 12b H/O/Me/Ph 2b 91
9 12c Cl/O/Me/Me 2c 98


a All the reactions were carried out in anhydrous CH2Cl2. b Isolated yields
after flash chromatography. c In absence of InBr3, reaction time 48 h.


processes. Additionally, the strength of the promoting agent is a
crucial issue which must be carefully addressed.


In this context, we recently reported the use of InBr3 (10 mol%)
as a powerful activator for the intramolecular Michael-type
addition of N,N ′-diBoc-indolyl enones and N–Me–O-indole
enones to give 4-substituted tetrahydro-b-carbolines 1 and 4-
substituted tetrahydro-b-pyranoindoles 2, respectively.15 In this
paper, we verified the generality in scope and applicability of the
indium-catalyzed F–C protocol by extending the intramolecular
alkylation also to N-(1)H indolyl derivatives 8. As summarized
in Table 2, InBr3 proved tolerant for several protecting groups
and substitution patterns in the cyclized products by furnishing
excellent yields (70–98%) within a few minutes’ reaction time. The
effectiveness of In(III)Br as a F–C promoter was further stressed
by running a model reaction in absence of catalyst. As a matter
of fact, under these conditions the cyclization did not work to any
extent, even after 48 h (entry 1).


Stereoselective intramolecular F–C alkylation: towards the
synthesis of enantiomerically enriched polycyclic indoles


Asymmetric intramolecular alkylations of aromatic systems are
straightforward shortcuts to the synthesis of stereochemically
defined polycyclic natural and unnatural compounds bearing
benzylic stereocenters. Since the P–S pioneering paper,25 the large
volume of research efforts in this field led to the first example of
stereoselective P–S reaction to be developed in the presence of
chiral thioureas as catalysts.26 Subsequently, List and co-workers
described the use of functionalized chiral phosphoric acids as
effective Brønsted acids for stereoselective P–S condensations.27


In this context, a number of different catalytic and stereoselective
alkylations of aromatics through intramolecular Michael-type
reactions were reported.28


Again, a related stereoselective approach to the preparation of
THBCs and THGCs (tetrahydro-c-carbolines) in highly enantios-
elective manner was recently studied in our group through Pd-
catalyzed intramolecular alkylation of indole allyl carbonates.29


On the other hand, asymmetric catalytic Friedel–Crafts-type
reactions via conjugate addition of aromatic compounds to simple
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a,b-unsaturated ketones still represent a considerable synthetic
challenge. In fact, the steric similarity of the two carbonyl
substituents renders the stereodifferentiation of the two faces of
the unsaturated ketones a difficult task. In this context, we have
reported on the effectiveness of [salenAlCl]–lutidine complexes
in controlling the stereodiscriminating intermolecular Michael
addition of indoles to both aryl enones and aryl nitroalkenes.30


Then, by choosing the N–Boc protected indolylmethyl enone
8aa as the model substrate, a brief survey of commercially
available, as well as in situ-formed, chiral aluminium-based LAs
13a–f (20 mol%) were envisaged as catalysts and a collection of
results is reported in Fig. 2.


Fig. 2 Survey of chiral aluminium LAs as catalysts for the stereoselective
intramolecular F–C-type alkylations of 8aa.


The screening revealed generally good conversions with mod-
erate stereoselectivity. Among the catalysts tested, the Schiff–Al
complex 13a provided 1aa with the highest enantiomeric excess
(ee up to 30%). Due to the low reaction rate associated to
these processes, the lowering of the reaction temperature was not
accomplishable.


Along this line, the effect of concentration was also investigated.
To this purpose, 8aa was cyclized in the presence of 13b (20 mol%)
and lutidine (20 mol%) in a range of substrate concentrations
(8–66 mM). Despite the known influence of concentration on
intramolecular processes, in our cases the stereochemical outcome
resulted only slightly affected ranging form 19% in 66 mM
solution (98% HPLC conversion, 3d reaction time), to 27% in
8 mM reaction mixture (44% HPLC conversion, 14 d reaction
time). Then, we chose complex 13b as the model catalyst, and
a range of variously-functionalized indolyl enones 8 were tested
(Table 3). Entry 1 deals with the issue of substituent effects on
the stereocontrol of the reaction. In particular, the presence of an
aryl enone such as 8ab does not significantly affect either yield or
enantiomeric excess (98 and 27%, respectively). On the contrary,
we observed an influence of the protecting group of the tethering


Table 3 Stereoselective intramolecular F–C reactions catalyzed by 13b–
lutidenea


Entry Indole Product Yield (%)b Ee (%)c


1 8ab 1ab 98 27
2 8ba 1ba 69 11
3 8ca 1ca 98 11
4 8da 1da 47 0
5 8fa 1fa 95 29


a All the reactions were carried out in anhydrous CH2Cl2 (rt, 24 h,
20 mol% cat) under nitrogen atmosphere. b Isolated yields after flash
chromatography. c Determined by HPLC with chiral column.


nitrogen on the F–C outcome. As a matter of fact, by substituting
the Boc moiety with CBz, CO2Me and COCF3 the chiral induction
progressively dropped to a racemic product.


Interestingly, 13b–lutidine (20 mol%) failed in promoting the
intramolecular F–C alkylation of 12a. This result underlines the
importance of the N-(1) hydrogen during the whole catalytic cycle.
After 5d stirring, we decided in any case to obtain the cyclized
product and to this purpose we added InBr3 (20 mol%) to the
mixture already containing 13b (20 mol%). Astonishingly, after
16 h stirring at rt, 2a was obtained in 85% conversion and 50% ee!
It was evident that catalysis under a heterobimetallic regime was
operating.


In the last few years, catalyses under a cooperative regime have
becoming an attractive alternative to conventional LAs, due to
their superior selectivity and activity with respect to the individ-
ual components.31 Although this approach has been extensively
applied to stereocontrolled C–C bond forming reactions such as:
nitro-aldol reactions, Michael reactions, hydrophosphonylations
of aldehydes and imines, Diels–Alder reactions and epoxidations,
to our knowledge heterobimetallic catalysts have never been
employed in asymmetric F–C reactions.32


Then, 12a was allowed to cyclize in the presence of a catalytic
amount of 13a–lutidine in combination with a series of LAs.


From the data reported in Table 4, InBr3 proved to be the
most effective LA partners of 13b to control the stereochemistry
of the reaction. In particular, while scandium and ytterbium
triflates provided 2a in high yields but in a racemic form, the
enantiocontrol reached 54% ee (81% conversion) when InBr3


was used in combination with commercially available [salenAlCl]
13a.33


Such a level of stereoselectivity prompted us to investigate
further the nature of the dual catalyst {[salenAlCl]x–[InBr3]y}.
Accordingly, intramolecular F–C alkylation of 12a was carried
out with chiral Al–In systems based on different initial 13a–InBr3


ratios (Table 4, entries 5–8).
The optimal outcome in terms of chemical as well as optical


yield was obtained by adopting a 13a–In(III)Br3 2 : 1 ratio. In
this case, 2a was isolated in 80% yield and 60% enantiomeric
excess (entry 7). On the contrary, when an Al–In 4 : 1 ratio was
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Table 4 Stereoselective intramolecular heterobimetallic F–C cyclizationa


Entry 13a (%) LA (%) 2 Yield (%)b Ee (%)c


1 20 — — —d —
2 10 Sc(OTf)3 (10) 2a 93 7
3 10 Yb(OTf)3 (10) 2a 95 7
4 10 In(OTf)3 (10) 2a 82 43
5 10 InBr3 (10) 2a 81 (70) 54
6 20 InBr3 (10) 2a 77 55
7 10 InBr3 (5)e 2a 87 (80) 60
8 10 InBr3 (2.5)e , f 2a 93 2
9 10 InBr3 (2.5)e 2a 63 25


10 10 InBr3 (5)g 2a 70 5
11 10 InBr3 (5) 2b 61 20
12 10 InBr3 (5)e 2c 80 60


a All the reactions were carried out in anhydrous CH2Cl2 (rt) under nitrogen
atmosphere; 13a and lutidine were used in a 1 : 1 ratio. b HPLC conversion,
isolated yields are in brackets. c Determined by HPLC with chiral column.
d Reaction time 5 d. e A solution of InBr3 in dry Et2O (0.30 M) was used.
f TEA (10 mol%) was used as the base. g In absence of lutidine.


employed, 2a was obtained in a 63% yield and 25% ee (entry 9).
These results drove our attention towards the possibility to have
different heterobimetallic species in solution with a rapid exchange
equilibrium between them. In particular, the one constituted by
two molecules of [salenAlCl] and one molecule of InBr3 appeared
to be the most effective during the stereodifferentiating step of the
intramolecular process.


Also in the present bimetallic-catalyzed intramolecular alkyla-
tion, the use of a base in catalytic amount (lutidine) was necessary
in order to achieve the highest ee (entry 7). As a matter of fact,
when the model reaction was carried out in absence of base,
the enantioselectivity dropped to 5% (entry 10). Again, aliphatic
tertiary amines did not prove to be a suitable additive for the
present intramolecular F–C. In fact, by replacing lutidine with
TEA, 2a was yielded in quantitative yield but in almost racemic
form (ee = 2%, entry 8). This finding unambiguously proves the
active role of the additive in the in situ catalyst formation between
the aluminium and indium species.34 The optimal conditions were
finally also applied to 12b and 12c obtaining ee 20 and 60% in the
cyclized products 2b–c, respectively.


To gain some information on the nature of the {[salenAlCl]x–
[InBr3]y} species in solution, a 1H NMR analysis in CD2Cl2


with different 13a–InBr3 ratios was carried out (see the ESI). In
particular, by adding 1 eq. of In(III)Br to a solution (CD2Cl2)
of commercially available [salenAlCl], two new set of signals
characteristic for unprecedented C2-symmetry and C1-symmetry
{[salenAlCl]–InBr3} species were found. The new C2-symmetry
adduct appeared to be in a 75 : 25 ratio with the starting [salenAlCl]
and the C1-symmetrical species being the minor components of
the mixture. On the basis of previously-reported evidence from
salen–metal–LA adducts,35 we tentatively assigned the new set of
C2-symmetry signals to the monomeric bimetallic {[salenAlCl]–
InBr3} (14, eqn 1), in which the indium salt could coordinate the


Al–Schiff base complex through the oxygen atoms of the salen
counterpart.


Interestingly, when an excess of [salenAlCl] (Al–In 2 : 1) was
added, an inversion of the population of the species in solution
occurred, favouring the C1-adduct (80 : 20 ratio). Analogously, the
C1-species can be attributed to a dimeric {[salenAlCl]2} complex
tethered by one molecule of indium(III) salt (15).36


(1)


The aforementioned ratio between the two species can be further
shifted toward the dimer 15 simply by adding an excess of 13a.
Here, the use of 13a–InBr3 in a 4 : 1 ratio gave rise to the
exclusive formation of 15 with the concomitant presence of free
[salenAlCl]. Such evidence concurred to rule out the formation
of more complex multi-metallic aggregates, probably because of
sterical reasons.


The role of the base was investigated spectroscopically as
well. To this aim, 1H NMR spectra of 13a–In(III)Br–lutidine was
recorded at rt for different Al–In ratios. Also in this case a mixture
of species were present in equilibrium in solution showing similar
pattern of NMR signals. However, because of the multitude of
signals the spectra were difficult to rationalize.


A different explanation for the enhanced reactivity of the
bimetallic complex could also arise from a study conducted
by Atwood and co-workers on heterobimetallic [salenAl]–Ga
complexes. In this case, the achiral salts did not act as distinct
LAs, but the gallium(III) halide concurred in the formation
of unexpected solvent-free pentacoordinated cationic aluminium
complexes.37 However, this working hypothesis was ruled out
by synthesizing a cationic salen–Al complex through chloride
extraction by AgSbF6 in CH2Cl2, and by testing it in the model
cyclization. Under these conditions, 2a was obtained only in traces
(reaction time 72 h) in a markedly lower enantiomeric excess
(ee = 7%).


Conclusions


In this study we have presented a new synthetic strategy for
the formation of polycyclic indolyl-containing compounds by
updating and optimizing our previously reported protocol. In
particular, the introduction of the CM reaction for stereocon-
trolled C=C bond formation shortened the synthetic sequence
for the desired indolyl enones. Then, the development of a
stereoselective version of the present cyclization with chiral Lewis
acid was discussed. The use of chiral Al-based LAs furnished the
targeted THBCs in good yield and moderate enantioselectivity.
Interestingly, cyclizations of O-tethered enones 12 were performed
in the presence of a new chiral (Al–In) system, affording the
corresponding tetrahydropyranyl derivative 2 of ee up to 60%.
Spectroscopic investigations on the nature of this catalytic system
revealed the presence in solution of several heterometallic species
in equilibrium being the bimetallic {[salenAlCl]2–InBr3} probably
involved in the enantiodiscriminating step of the cyclization.
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Novel compounds, which can be considered as conformationally restricted analogues of MKC-442,
have been synthesized and tested as inhibitors of the reverse transcriptase of human immunodeficiency
virus type-1 (HIV-1). Reaction of urea with a b-ketoester furnished 6,7,8,9-tetrahydro-9-
phenyl-1H-cyclohepta[d]pyrimidine-2,4-(3H,5H)-dione (6a) and 6,7,8,9-tetrahydro-9-p-tolyl-1H-
cyclohepta[d]pyrimidine-2,4-(3H,5H)-dione (6b) which were then alkylated at the N-1 position with
chloromethyl ether, allyl bromide and benzyl bromide to afford the target compounds 7a–b, 8a–b, 9 and
10, respectively. The seven-membered, annelated compounds have a relatively rigid structures and can
lock the orientation of the aromatic ring. Chemical modification at N-1 of the pyrinidine ring and the
9-phenyl ring was attempted, with the aim of improving the antiretroviral activity. In particular,
replacement of the aliphatic group with the phenyl moiety at the terminus of N-1 side chain can
enhance the activity. The most active compounds showed activity in the low micromolar range with
IC50 values comparable to that of nevirapine. The biological activity results are in accordance with the
docking results.


Introduction


Reverse transcriptase (RT), being the pivot in HIV replication,
is one of the most attractive targets for the development of new
antiretroviral agents.1–3 Two functionally-distinct classes of HIV-
1 RT inhibitors have been described so far: nucleoside reverse
transcriptase inhibitors (NRTIs)4–9 and non-nucleoside reverse
transcriptase inhibitors (NNRTIs).10–16 In recent years, NNRTIs
have gained an increasingly important role in the therapy of HIV
infection. To date, more than 30 different classes of NNRTIs have
been reported. Among the representatives of the NNRTIs, 1-[(2-
hydroxyethoxy)methyl]-6-(phenylthio)thymine (HEPT,17–18 Fig. 1)
was considered as an interesting lead compound for the synthesis
of new analogues, among them the 6-benzyl-1-(ethoxymethyl)-
5-isopropyl pyrimidine-2,4-dione (emivirine, formerly known
as MKC-442)19–21 and 6-benzyl-1-(benzyloxymethyl)-5-isopropyl
pyrimidine-2,4-dione (TNK-651)22 showed high activity against
HIV-1, and MKC-442 was chosen as a candidate for clinical trials
with AIDS patients.23 However, Triangle Pharmaceuticals halted
development of emivirine in January 2002 for being less potent
than other antiretrovirals.24 Like almost all NNRTIs, the HEPT
analogues rapidly develop drug resistance by mutation of residues
that line the NNRTI binding pocket of the viral RT and reduce
drug binding. Their clinical use is limited, even though they are
more active against HIV-1 RT with generally low toxicity and
favorable pharmacokinetic properties. Therefore, in the NNRTIs
field, interest is focused on finding new analogues with higher
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Fig. 1 Structure of HEPT, MKC-442, TNK-651. Compounds I and II:
structures of previously synthesized by Claus Nielsen et al.; compounds
7a–b and 8a–b: structures of target molecules.


binding affinity and the capability of inhibiting clinically resistant
mutants.25–28
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Results and discussions


Design


According to structure–activity relationships (SARs), studies of
several crystal structures of the RT complex with inhibitors
suggest that NNRTIs share a common mode of action and
interact with a hydrophobic pocket that is distinct from the NRTI
binding site, the polymerase catalytic site.29–34 Upon binding,
NNRTIs distort the polymerase active site and alter the con-
formation of Tyr181, Tyr183 and Tyr188 residues with respect
to that of the unliganded RT. Interestingly, the two HEPT
analogues (MKC-442, TNK-651), with their bulky isopropyl
groups, force Tyr181 into a position where strong interactions
with the 6-benzyl group of the inhibitor can take place (“trigger”
action).22,31,33 On the contrary, HEPT does not produce any
“trigger” effect. Its weak anti-HIV-1 activity can be explained
by a slight perturbation of the Tyr181 side-chain conformation
produced by the C-5 methyl group. This revealed that the C-5
substituent of the pyrimidine ring is very importance for antiviral
activity.22


Although extensive SARs for non-cyclic analogues (such as
MKC-442 and TNK-651) have been obtained, little or no in-
formation was available about the annelated series. In the year
2000, Claus Nielsen et al. synthesized the five- and six-annelated
compounds I and II (Fig. 1), the conformation of which was
restricted by locking the orientation of the aromatic ring, but
the activity was ca. 103-fold lower than MKC-442.35 Later, they
synthesized compounds with extra methyl groups next to the
C5 position of the uracil to increase the steric bulkiness, but
the biological activities were only slightly better than those for
I and II36 (Fig. 1). In addition, Macchia et al. have reported that
tetrahydrobenzocycloheptenuracils do not have higher anti HIV-1
virus activities.37


After inspection of the reports mentioned above, we decided
that the key point for the development of such compounds is the
right size of the annelated rings, which should not only posses
conformationally flexibility, but should also restrict effectively the
rotation and position of the aromatic ring to the plane of the
pyrimidine ring. The cycloheptyl group represents just these two
characteristics.


To support our design, seven-membered ring analogues 7a–b,
8a–b (Fig. 1), 9 and 10 (Scheme 1) were designed and synthesized.
These compounds were flexibly docked into the binding site of
HIV-1 RT complexed with TNK-651, using the AutoDock 3.0
program.38 The first-ranking docked conformations are shown
in Fig. 2. It can be seen that the binding modes proposed by
Autodock for 7a and 8a (with the R configuration) are fairly close
to each other and have approximately the same conformation as
in the TNK-651-RT complex. The docking results revealed that
the target compounds bind to a hydrophobic pocket in the RT
with an conformation forming hydrogen bonds with the main-
chain of Lys103, while the 9-phenyl ring of 7a and 8a adopts a
fashion similar to that of the TNK-651, making favorable p–p
interactions with the residues of the RT allosteric pocket formed
by the side chains of Try181, Try188, Phe227, and Trp229. The
N-1 side chain of 8a has an extended conformation and occupies
a more hydrophobic pocket. Thus the bulky substituted groups
on the side chain of N-1 may be accommodated and improve the
activity.


Scheme 1 Reagents and conditions: (i) ClCOOC2H5, NaOH–H2O,
10–15 ◦C (ii) NaNO2, H2SO4, rt.; (iii) freshly distilled cyclohexanone,
anhydrate K2CO3 in dry CH3OH, 20 ◦C; (iv) CO(OC2H5)2, NaH,
benzene, reflux 5 h; (v) NH2CONH2, EtONa–EtOH, reflux 6 h;
(vi) BSA, chloromethyl ether, CHCl3, rt.; (vii) allyl bromide (benzyl
bromide), anhydrate K2CO3 in DMF, rt.


Furthermore, we have synthesized compounds 7b and 8b which
have a methyl substituent on the 9-phenyl ring. This substitution
pattern is similar to that of GCA-186. The structural change
of GCA-186 tolerates the presence of Y181C or K103N RT
mutations better than MKC-442 itself.39 The target compounds
(7a–b, 8a–b) with a locked torsion angle may decrease the toxicity.


Chemistry


A new conventional strategy of synthesizing seven-membered,
annelated analogues is described in Scheme 1, in which the b-
ketoesters 5a–b are the key intermediates. Compound 5a was
synthesized in four steps from benzylamine 1a.40 First 1a was
converted easily to the ethyl N-nitrosocarbarnate 3a by treatment
with ethyl chlorocarbonate followed by nitrosation with nitrous
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Fig. 2 AutoDock-predicted binding mode of compounds 7a (a), 8a (b)
(green) compared to the crystallized position of TNK-651 (yellow). Only
closely interacting residues are shown.


acid in a quantitative yield. Reaction of 3a with freshly distilled
cyclohexanone in the presence of methanol and potassium carbon-
ate was then carried out, and the product was chromatographed by
silica gel column to give 4a in a 59.0% yield, which is higher than
that of the literature reported 41%. The side product was methyl
benzyl ether, the yield of which was affected by the conditions.
The preparation of several medium- and large-sized b-ketoesters
has been accomplished by treatment of the cycloalkanone with
sodium triphenylmethyl, followed by carbonation with dry ice,
and esterification with diazomethane. The procedure is laborious.
Another synthetic method, via the Dieckmann cyclization of
dimethyl azelate with sodium hydride, yields 48% of this product.
Using potassium t-butoxide and diethyl carbonate in benzene,
the preparation of 2-carbethoxycycloheptanone has been reported
only in 40% yield. With a modified method of Paul Krapcho
et al.,41 we prepared the intermediate cyclic b-ketoester 5a by
reaction of 2-phenylcycloheptanone 4a (racemate) with diethyl
carbonate in the presence of sodium hydride under reflux, followed
by hydrolysis (with dilute HCl preferred to glacial acetic acid) after
which the yield was increased to 94.9%.


Claus Nielsen et al.35 reported the preparation of annelated
analogues I and II, using the Dannel et al. method, the b-ketoester


reacted with thiourea in the presence of sodium ethoxide to
give a very low yield (4%). All efforts were made to improve
the yield, but without any success. Then they looked for an
alternative synthetic route in three steps by reaction of 2-(s-
methylthio)isourea with the b-ketoester in aqueous KOH to
afford the 2-amino-1,3-oxazine-4(3H)-ones and under acidic con-
ditions to give the 7-phenyl-6,7-dihydrocyclopenta[e][1,3]oxazine-
2,4(3H,5H)-dione which was then converted to the corresponding
pyrimidine with concentrated aqueous ammonia.


We thought the key problem may be the ring strain. Therefore,
application of the Danel method to our compounds with a
seven-numbered ring would be feasible. In order to achieve the
uracil ring, we have investigated a one-step process to synthesize
cyclohepta[d]pyrimidine-2,4-dione (6). In our knowledge, the
use of a one-step process to synthesize pyrimidine rings is
infrequent. The b-ketoester 5 condensed directly with urea in the
presence of sodium methoxide and the corresponding pyrimidine
6 was precipated by acidifying with dilute hydrochlororide in
an aqueous solution. and recrystalized from ethanol in yields
of 46.0–52.0%. The advantage of the above-mentioned reac-
tion pathway was its simplicity, because the procedures were
undertaken conveniently and the materials were commercially
available.


The preparation of N-1 substituted uracils deserves some
comment. When 6a–b were treated with N,O-bis(trimethyl-
silyl)acetamide (BSA) in CHCl3 at room temperature, reaction
with alkyl chloromethyl ether gave 7a–b or 8a–b in good yield. In
contrast, a similar reaction with other alkyl halides, such as allyl
bromide and benzyl bromide, gave the corresponding products in
low yield (<10%).


The yields were improved by applying an alternative route.
Treatment of 6a–b with allyl bromide and benzyl bromide,
respectively, using potassium carbonate as an alkali in anhydrous
DMF, gave the mixture of N-1, N-3 substituted and disubstituted
products. Because N-1 is more nucleophilic than N-3, the N-
1 substituted compound can be made the major product by
controlling the ratio of reagents and the reaction temperature and
time. The addition of a catalytic amount of KI can shorten the
time and improve the yield. The structure assignments of these
compounds were identified by NMR and mass spectral data as
well as a single crystal X-ray structure analysis for compound 7a
(Fig. 3).


The N-1 alkylated compound was confirmed by 1H-nuclear
Overhauser effects (NOE) (Fig. 4), as irradiation of 9-H resulted
in NOE in the N–CH2–R′ groups. Furthermore, being affected by
the 9-phenyl ring and the 9-chiral carbon, the 1H NMR spectrum
showed N–CHaHb–R′ with different chemical shifts at d 4.74, 5.54
(d, each, J = 11.4 Hz).


Biological activity


The compounds 6a–b, 7a–b, 8a–b, 9 and 10 were tested for their
activity against HIV in RT assay, using a poly(rA)/oligo(dT)15


homopolymer template with the HIV antigen detection ELISA
method42 and nevirapine as a reference compound. It is particu-
larly noteworthy that compound 8a (IC50 = 1.51 lM) was more
active than nevirapine (IC50 = 3.67 lM) at concentrations 2-fold
and 102-fold compared to 7a (IC50 = 100.52 lM) by introducing
the terminal phenyl moiety at the N-1 side chain. However,


3254 | Org. Biomol. Chem., 2006, 4, 3252–3258 This journal is © The Royal Society of Chemistry 2006







Fig. 3 X-Ray crystal structure of 7a.


Fig. 4 NOE between 9-H with the N–CH2–R′ groups.


an increase of the steric bulkyness at the 9-phenyl ring with
4-methyl substitution showed lower activity for 8b (IC50 =
9.31 lM) compared to 8a.


Experimental


Melting points were determined with an electrothermal capillary
melting point apparatus and are uncorrected. 1H and 13C NMR
spectra were recorded on a JEOL-AL-300 FT spectrometer with
TMS as the internal standard. The ESI-TOF spectra were taken
on a Liner Scieneific LDI-1700 mass spectrometer. IR spectra were
recorded with Avatar 360 FT-IR and reported in cm−1. Elemental
analyses were performed on VarVario EL III. Silica gel (0.040–
0.064 mm) was used for column chromatography. Some reagents
were purchased from Aldrich.


General procedure for the preparation of compounds 2a–b


Compound 1 (37.3 mmol) was mixed with 2 mL H2O and 6 g
chopped ice. To the stirred mixture 40 mmol of ethyl chlorocar-
bonate was added dropwise. Simultaneously, an ice-cold solution
of 41 mmol of sodium hydroxide in 5.2 mL water was added
dropwise, at the same rate with that of the ethyl chlorocarbonate
in order to maintain the temperature at 10–15 ◦C. The reaction
mixture was stirred for an additional 20 min and then filtered. The


solid residue was washed with cold water and obtained the white
needles solid.


Ethyl N-benzylcarbamate (2a). Yield 96.7% mp 44–45 ◦C
(H2O) (lit.40 45–47 ◦C).


(4-Methyl-benzyl)carbamic acid ethyl ester (2b). Yield 90.0%,
mp 55–56 ◦C (H2O) (lit.43 55–57 ◦C).


General procedure for the preparation of compounds 3a–b


A mixture of 20 mmol of 2 in 20 mL ethyl ether and 174 mmol of
sodium nitrite in 20 mL H2O was stirred, and then treated with
another solution of 10 ml concentrated nitric acid and water for
each. The dropping rate was adjusted to keep the aqueous phase
green. The reaction mixture was allowed to stand for another
20 min. The ether layer was separated and the resulting solution
was washed with 5 mL 10% potassium carbonate solution, dried
and evaporated under reduced pressure to give the nitroso product
as orange–red oil in a nearly quantitative yield.


Ethyl N-nitroso-N-benzylcarbamate (3a). Yield 98.0%.


Ethyl N-nitroso-N-(4′-methyl)benzylcarbamate (3b). Quanti-
tative yield.


General procedure for the preparation of compounds 4a–b


To a stirred mixture which include 40 mmol of freshly distilled
cyclohexanone, 0.3 g of finely powdered anhydrous potassium
carbonate and 8 mL absolute methanol, was added, over a period
of 10 min, 20 mmol of the ethyl N-nitroso compound 3 during
which time the temperature was maintained at 20–25 ◦C by means
of a cold water bath. The reaction mixture was then allowed to
stand by overnight. The potassium carbonate was removed by
filtration, the solvents were evaporated under reduced pressure, an
oily residue was obtained which was purified by silica gel column
chromatography with EtOAc–petroleum ether (60–90 ◦C) to give
the products.


2-Phenylcycloheptanone (4a). Yield 59.0%, light yellow oil,
(lit.40 41%).


2-p-Tolylcycloheptanone (4b). Yield 31.5%, mp 52–54 ◦C
(EtOAc–petroleum ether) (lit.43 26%, 57–58 ◦C).


General procedure for the preparation of compounds 5a–b


A 8.5 mmol amount of sodium hydride was washed with freshly
distilled hexane. After most of the mineral oil had been removed,
8 mL of benzene and 6.0 mmol of diethyl carbonate were added.
The mixture was heated to reflux and a solution of 3.0 mmol 4 in
1 mL benzene was added dropwise. After addition, this mixture
was refluxed for 5 h, cooled to room temperature and hydrolyzed
with dilute HCl. The benzene layer was separated and the aqueous
layer was extracted with ethyl ether (3 × 10 mL). The combined
organic layer was washed with cold water, dried and evaporated in
vacuo to afford the crude product which was purified by silica gel
column chromatography with EtOAc–petroleum ether (60–90 ◦C)
as eluent.


Ethyl-2-oxo-3-phenylcycloheptanecarboxylate (5a). Yield
(741 mg, 94.9%), yellow oil; 1H NMR (300 MHz, CDCl3) d
1.30 (3H, t, CH2CH3), 1.46–2.18 (8H, m, CH2CH2CH2CH2),
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3.67 (1H, m, COCHCO), 3.94 (1H, m, ArCHCO), 4.13 (q, 2H
OCH2CH3), 7.23–7.32 (5H, m, Ar); 13C NMR (75 MHz, CDCl3)
d 14.1 (CH2CH3), 26.3, 27.9, 28.7, 32.7 (CH2CH2CH2CH2),
57.2 (COCHAr), 58.4 (COCHCO), 61.0 (COOCH2CH3), 126.9,
127.0, 127.9, 128.2, 128.3, 139.7 (Ar), 170.2 (COOC2H5), 207.9
(CO); ESI-TOF+: 261.1748 (M + H)+.


Ethyl-2-oxo-3-p-tolylcycloheptanecarboxylate (5b). Yield
(740 mg, 89.9%); yellow oil; 1H NMR (300 MHz, CDCl3) d
1.22 (3H, t, CH2CH3), 1.35–2.23 (8H, m, CH2CH2CH2CH2),
2.32 (3H, s, ArCH3), 3.65 (1H, m, COCHCO), 3.91 (1H, m,
ArCHCO), 4.15 (q, 2H, OCH2CH3), 7.10–7.25 (4H, m, Ar);
13C NMR (75 MHz, CDCl3) d 14.0 (CH2CH3), 21.0 (ArCH3),
26.2, 27.7, 28.3, 32.9 (CH2CH2CH2CH2), 56.9 (COCHAr), 58.2
(COCHCO), 61.1 (COOCH2CH3), 127.7, 128.2, 128.9, 129.1,
136.6,136.7 (Ar), 170.2 (COOC2H5), 208.1 (CO); ESI-TOF+


275.1558 (M+ H)+.


General procedure for the preparation of compounds 6a–b


Urea (3.3 mmol) and compound 5 (3.0 mmol) were added to a
solution of sodium metal (4.0 mmol) in 9 mL of absolute ethanol,
and the mixture was heated at reflux for 6 h. After evaporation
in vacuo at 40–50 ◦C until nearly dryness, the residue was dissolved
in 5 mL water and then precipitated by addition of dilute aqueous
HCl to pH 4. The crude product was recrystalized from ethanol
to afford pure 6a–b.


6,7,8,9-Tetrahydro-9-phenyl-1H -cyclohepta[d]pyrimidine-2,4-
(3H ,5H)-dione (6a). Yield (400 mg, 52.0%); mp 230–232 ◦C
(EtOH), white solid; (found: C, 70.31; H, 6.25; N, 10.87%,
C15H16N2O2, requires C, 70.29; H, 6.29; N, 10.93%); mmax/cm−1


3452.17, 3229.26, 1716.58 and 1634.28;1H NMR (300 MHz,
DMSO-d6) d 1.35–2.83 (8H, m, CH2CH2CH2CH2), 4.05 (1H,
m, CHAr), 7.19–7.39 (5H, m, Ar), 10.53 (1H, s, NH1), 11.10
(1H, s, NH3); 13C NMR (75 MHz, DMSO-d6) d 21.5, 24.0, 25.6,
29.9 (CH2CH2CH2CH2), 46.7 (ArCH), 111.1 (C5), 126.5, 127.1,
127.1, 128.7, 128.7, 138.5 (Ar), 150.8 (C6), 153.4 (C2), 164.8 (C4);
ESI-TOF+ 257.1845 (M + H)+.


6,7,8,9-Tetrahydro-9-p-tolyl-1H -cyclohepta[d ]pyrimidine-2,4-
(3H ,5H)-dione (6b). Yield (373 mg, 46.0%); mp 236–238 ◦C
(EtOH), white solid; (found: C, 71.11; H, 6.75; N, 10.30%,
C16H18N2O2, requires C, 71.09; H, 6.71; N, 10.36%); mmax/cm−1


3410.89, 3219.36, 1709.85 and 1640.31; 1H NMR (300 MHz,
DMSO-d6) d 1.22–2.83 (8H, m, CH2CH2CH2CH2), 2.28 (3H, s,
ArCH3), 4.00 (1H, m, CHAr), 7.05–7.17 (4H, m, Ar), 10.52 (1H, s,
NH1), 11.10 (1H, s, NH3); 13C NMR (75 MHz, DMSO-d6) d 20.6
(PhCH3), 21.5, 24.1, 25.7, 29.9 (CH2CH2CH2CH2), 46.3 (ArCH),
111.5 (C5), 127.0, 127.0, 129.3, 129.3, 131.5, 135.4 (Ar), 151.0
(C6), 153.7 (C2), 164.8 (C4); ESI-TOF+ 271.1654 (M + H)+.


General procedure for the preparation of compounds 7a–b and 8a–b


To a suspension of 5 (0.11 mmol) in 2 mL dry CHCl3 was
added N,O-bis(trimethylsilyl)acetamide (BSA) 0.24 mmol and
the stirring was continued to obtain a clear solution. Then
chloromethyl ether (0.13 mmol) was added and the reaction
mixture was stirred until TLC showed no change in amount of
starting material. After evaporation of the solvent in vacuo, the


residue was chromatographed on silica gel with EtOAc–petroleum
ether as eluent to afford the pure N-1 alkylated product.


1-(Ethoxymethyl)-6,7,8,9-tetrahydro-9-phenyl-1H -cyclohepta-
[d]pyrimidine-2,4(3H ,5H)-dione (7a). Yield (32 mg, 92.6%); mp
180–182 ◦C (10% EtOAc–petroleum ether), white solid; (found:
C, 68.73; H, 7.10; N, 9.00%, C18H22N2O3, requires C, 68.77;
H, 7.05; N, 8.91); mmax/cm−1 3349.99, 1669.80 and 1608.77; 1H
NMR (300 MHz, CDCl3) d 1.20 (3H, t, CH2CH3), 1.42–2.98
(8H, m, CH2CH2CH2CH2), 3.60 (2H, m, OCH2CH3), 4.71(1H,
m, ArCH), 4.74, 5.54 (2H, 2 × d, J 11.4, NCH2O), 7.17–7.38
(5H, m, Ar), 8.51 (1H, s, NH3); 13C NMR (75 MHz, CDCl3) d
15.1 (CH2CH3), 21.7, 23.6, 24.7, 30.9 (CH2CH2CH2CH2), 44.5
(ArCH), 64.9 (OCH2CH3), 72.8 (NCH2O), 116.0 (C5),126.9,
127.0, 127.0, 129.1, 129.1, 138.5 (Ar), 151.6 (C6), 154.8 (C2), 163.2
(C4); ESI-TOF+ 315.1571 (M + H)+.


1-[(Benzyloxy)methyl]-6,7,8,9-tetrahydro-9-phenyl-1H-cyclo-
hepta[d]pyrimidine-2,4(3H ,5H)-dione (8a). Yield (29 mg,
70.5%); mp 50–52 ◦C (10% EtOAc–petroleum ether), white
solid; (found: C, 73.40; H, 6.47; N, 7.49%, C23H24N2O3, requires
C, 73.38; H, 6.43; N, 7.44%); mmax/cm−1 3340.18, 1670.23 and
1617.65; 1H NMR (300 MHz, CDCl3) d 1.60–2.95 (8H, m,
CH2CH2CH2CH2), 4.69(1H, m, ArCH), 4.75(2H, m, PhCH2O),
4.79, 5.66 (2 H, 2 × d, J 11.1, NCH2O), 7.25–7.37 (10H, m, 2 ×
Ar), 9.2 (1H, s, NH3); 13C NMR (75 MHz, CDCl3) d 21.5, 23.5,
24.6, 30.9 (CH2CH2CH2CH2), 44.7 (ArCH), 65.2 (OCH2Ph),
72.7 (NCH2O), 116.0 (C5),126.8, 126.8, 126.9, 126.9, 127.5, 127.9,
128.5, 128.5, 129.1, 129.1, 137.2, 138.4 (2 × Ar), 152.0 (C6), 154.5
(C2), 163.6 (C4); ESI-TOF+: 377.1569 (M + H)+.


1-(Ethoxymethyl)-6,7,8,9-tetrahydro-9-p-tolyl-1H -cyclohepta
[d]pyrimidine-2,4(3H ,5H)-dione (7b). Yield (32 mg, 88.2%); mp
136–138 ◦C (10% EtOAc–petroleum ether), white solid; (found:
C, 69.44; H, 7.41 N, 8.60%, C19H24N2O3, requires C, 69.49;
H, 7.37; N, 8.53%); mmax/cm−1 3338.15, 1668.54, 1600.98; 1H
NMR (300 MHz, CDCl3) d 1.16 (3H, t, CH2CH3), 1.45–2.98
(8H, m, CH2CH2CH2CH2), 2.34 (3 H, s, ArCH3), 3.61 (2H, m,
OCH2CH3), 4.66 (1 H, m, PhCH), 4.73, 5.56 (2 H, 2 × d, J 11.4,
NCH2O), 7.04–7.17 (4H, m, Ar), 8.94 (1H, s, NH3); 13C NMR
(75 MHz, CDCl3) d 15.1 (CH2CH3), 21.0 (PhCH3), 21.7, 23.6,
24.7, 30.9 (CH2CH2CH2CH2), 44.2 (ArCH), 64.8 (OCH2CH3),
72.7 (NCH2O), 115.8 (C5), 126.8, 126.8, 129.8, 129.8, 135.4, 136.6
(Ar), 151.8 (C6), 155.0 (C2), 163.4 (C4); ESI-TOF+: 329.1687 (M +
H)+.


1-[(Benzyloxy)methyl]-6,7,8,9-tetrahydro-9-p-tolyl-1H -cyclo-
hepta[d]pyrimidine-2,4(3H ,5H)-dione (8b). Yield (30 mg,
70.0%); mp 60–62 ◦C (10% EtOAc–petroleum ether), white
solid; (found: C, 73.79; H, 6.68; N, 7.12%, C24H26N2O3, requires
C, 73.82; H, 6.71; N, 7.17%); mmax/cm−1 3343.28, 1675.36 and
1619.21; 1H NMR (300 MHz, CDCl3) d 1.60–2.95 (8H, m,
CH2CH2CH2CH2), 2.33 (3H, s, ArCH3), 4.64(1H, m, ArCH),
4.70 (2H, m, PhCH2O), 4.77, 5.66 (2 H, 2 × d, J 11.1, NCH2O),
7.00–7.38 (9H, m, 2 × Ar), 8.89 (1H, s, NH3); 13C NMR (75 MHz,
CDCl3) d 21.0 (ArCH3), 21.6, 23.5, 24.6, 31.0 (CH2CH2CH2CH2),
44.4 (ArCH), 71.5 (OCH2Ph), 72.7 (NCH2O), 115.9 (C5), 126.8,
127.9, 127.9, 128.0, 128.0, 128.4, 128.4, 129.8, 129.8, 135.3, 136.6,
137.2 (2 × Ar), 151.8 (C6), 154.7 (C2), 163.3 (C4); ESI-TOF+:
391.1543 (M + H)+.
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General procedure for the preparation of compounds 9 and 10


A mixture of 6 (0.12 mmol), proper alkyl bromide (0.14 mmol),
potassium carbonate (20 mg, 0.15 mmol) and catalytic amount of
KI in 1 mL of anhydrous N,N-dimethyl formamide (DMF) was
stirred at room temperature for 8 h. After treatment with cold
water (10 mL), the solution was extracted with ethyl acetate (3 ×
15 mL). The organic layers were collected, dried and evaporated
to furnish the crude product, which was purified by column
chromatography on silica gel (eluent: 20% EtOAc–petroleum
ether).


1-Allyl-6,7,8,9-tetrahydro-9-phenyl-1H -cyclohepta[d ]pyrimi-
dine-2,4(3H ,5H)-dione (9). Yield (32 mg, 90%); mp 175–177 ◦C
(10% ethyl acetate–petroleum ether), light yellow solid; (found:
C, 73.35; H, 6.90; N, 9.50%. C18H20N2O2, requires C, 72.95; H,
6.80; N, 9.45%); 1H NMR (300 MHz; CDCl3) d 1.25–3.18 (8H,
m, CH2CH2CH2CH2), 4.05 (1H, m, ArCH), 4.50 (2H, d, J 6.0,
NCH2CH=), 5.17, 5.24 (2H, 2 × d, J 10.5 and 18.0 CH=CH2),
5.87 (1H, m, CH2CH=CH2), 7.37–7.54 (5H, m, Ar), 8.87 (1H, s,
NH3); 13C NMR (75 MHz; CDCl3) d 21.5, 24.1, 25.7, 29.9
(CH2CH2CH2CH2), 46.3 (ArCH), 47.8 (NCH2CH=), 111.1 (C5),
117.2 (CH=CH2), 126.0, 127.2, 127.2, 129.3, 129.3, 135.4 (Ar),
135.6 (CH=CH2), 150.8 (C6), 153.7 (C2), 164.8 (C4); ESI-TOF+


297.1496 [M + H]+.


1-Benzyl-6,7,8,9-tetrahydro-9-phenyl-1H -cyclohepta[d ]pyrimi-
dine-2,4(3H ,5H)-dione (10). Yield (36 mg, 87%); mp 162–164 ◦C
(10% ethyl acetate–petroleum ether), light yellow solid; (found: C,
76.35; H, 6.58; N, 8.28%. C22H22N2O2, requires C, 76.28; H, 6.40;
N, 8.09%); 1H NMR (300 MHz; CDCl3) d 1.42–3.14 (8H, m,
CH2CH2CH2CH2), 4.03 (1H, m, ArCH), 5.06 (2H, s, NCH2Ph)
7.20–7.47 (10H, m, 2 × Ar), 8.91 (1H, s, NH); 13C NMR (75 MHz;
CDCl3) d 23.6, 25.8, 30.1, 32.3 (CH2CH2CH2CH2), 44.2 (PhCH),
48.2 (NHCH2Ph), 111.9 (C5), 127.5, 128.3, 128.3, 128.4, 128.4,
128.4, 128.4, 129.2, 129.7, 129.7, 136.9, 138.4 (2 × Ar), 150.7,
151.5 (C6 and C2), 163.6 (C4); ESI-TOF+ 347.1481 [M + H]+.


Crystal data for 7a†


C18H22N2O3, M = 314.38, triclinic, space group P-1, a = 8.2013
(12), b = 10.5938 (16), c = 10.9160 (17) Å, unit-cell volume =
810.1(2), at 297(2) K, Z = 2, absorption coefficient l = 0.088,
total reflections = 3286, refined final R values for all = 0.0509.
Two of the carbon atoms (C10, C11) of the cycloheptene ring
are disordered unequally over two adjacent sites with occupancies
0.732(7) and 0.268(7).


Conclusions


In the course of synthesizing target molecules (TMs) 7a–b,
8a–b, 9 and 10, we have developed a new synthetic route in
reaching a C5 and C6 annelated structure of uracil with a seven-
membered ring. These include (a) using a modified method of
Paul Krapcho et al., the intermediate cyclic b-ketoester 5 was
prepared with high yield (90–95%); (b) with a one-step process,
the cyclohepta[d]pyrimidine-2,4-diones (6a–b) were condensed


† CCDC reference number 296985. For crystallographic data in CIF
format see DOI: 10.1039/b607972p


directly from a b-ketoester with urea; (c) for diverse alkyl agents,
different methods were used in forming the side chain of N-1.


As seen from examination of the results, structural variation in
the TMs have resulted in a wide range of biological activities with
IC50 values from 1 to 200 lM against wild-type HIV-1 RT. When
comparing trends among the series of compounds, we found that
8a (IC50 = 1.51 lM) substituted at R′ by a phenyl group was 2 times
more potent than nevirapine (IC50 = 3.67 lM) and 100 times more
active than 7a (IC50 = 100.52 lM). From the factors responsible
for the significant activity of compound 8a, it can be elucidated
that the terminal phenyl moiety at the N-1 side chain of 8a extends
deeper into and occupies a more hydrophobic pocket, comprised
of Tyr318 and Pro236. Particularly, a Tyr318 situated within a
short distance of the N-1 group provides the p–p interaction with
the phenyl ring. The bulky N-1 substituents may be accommodated
because of the flexibility of the Pro236 loop region. To confirm
the above-mentioned findings, we shortened the side chain of N1
with allyl and benzyl moieties to 9 and 10, respectively, which
led to a significant drop in activity compared to 8a. However, the
activity of compound 10 (IC50 = 101.28 lM) is better than that of
9 (IC50 > 200 lM). Thus, an appropriately substituted benzyloxy
methyl ether may improve the activity.


We next investigated the influence of the substituent at the
9-phenyl ring for activity against HIV-1. It is known from the
literature that the corresponding GCA-186 with 3,5-dimethyl
substituents on its phenyl ring was better able to tolerate the
presence of Y181C or K103N mutations than MKC-442. In our
study compounds, 7b and 8b, the increase in steric bulkiness at
the 9-phenyl ring with 4-methyl substitution seems to be not
particularly favorable; the biological activity obtained for 8b
(IC50 = 9.31 lM) is lower than that of 8a. The 4-methyl group
probably forced the 9-phenyl ring away from the hydrophobic
pocket formed by the side chains of Try181, Try188, Phe227,
Trp229 and reduced the p–p interactions. In contrast, the 3,5-
dimethyl groups of GCA-186 could correlate with an overall
tighter binding in the hydrophobic pocket, and thus enhance the
affinity to the RT. Encouraged by these results, more detailed SAR
studies on the annelated compounds are underway, with a focus
on exploring the important role of this unique structure feature.
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The asymmetric synthesis of tetraol (+)-3, a degradation
product derived from a C2 symmetric oxasqualenoid intri-
catetraol 1, has been achieved through the two-directional
synthesis starting from diol 7, realizing the further additional
assignment of the incomplete stereostructure of 1, the stereo-
chemistry of which is difficult to determine otherwise.


Recently, highly oxidized and structurally diverse triterpene
polyethers, which are thought to be biogenetically squalene-
derived natural products (oxasqualenoids), have been isolated
from both marine and terrestrial organisms.1 Among them was
intricatetraol 1 isolated from the red alga Laurencia intricata by
Suzuki et al. in 1993, and a crude fraction including intricatetraol
1 as the major component exhibited cytotoxic activity against
P388 with an IC50 of 12.5 lg mL−1.2 The structural analysis was
mainly carried out by NMR methods. Although it has been found
that the molecule has C2 symmetry, cis configuration within the
THF ring, and R configuration at the C11 (C14) position, the
stereochemistries between C6 and C7 (C18 and C19) and C10
and C11 (C14 and C15) and at the bromine-attached C3 (C22)
position remain to be determined (Fig. 1). There have also been
many other types of oxasqualenoids; however, it is often difficult
to determine their stereostructures even by the current, highly
advanced spectroscopic methods, especially in acyclic systems
including stereogenic quaternary carbon centers such as C6–
C7 (C18–C19) and C10–C11 (C14–C15) in 1. These contexts
have prompted synthetic organic chemists to determine the
stereostructures of oxasqualenoids by chemical synthesis.3 Suzuki
et al. have suggested a stereostructure 2 except for the C3 (C22)
position as the possible one based on the hypothetical biogenesis.2


In this paper, we report that the possible stereostructure 2
proposed for intricatetraol 1 is correct through the two-directional
synthesis of the degradation product (+)-3 derived from the natural
product 1.


The retrosynthetic analysis of the possible stereostructure 2
for (+)-intricatetraol is depicted in Scheme 1. It was envisioned
that a two-directional synthetic strategy4 could be efficient to
synthesize the C2 symmetric molecule 2. The vicinal bromochloro
functionality might be introduced by manipulation of the alkene
in 3, where the THF ring would be constructed in a two-directional
manner through a Shi asymmetric epoxidation5 of bishomoallylic
alcohol 4 followed by the 5-exo-tet epoxide-opening reaction.6 The
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sity, Sumiyoshi-ku, Osaka 558-8585, Japan. E-mail: morimoto@sci.osaka-
cu.ac.jp; Fax: +81 6 6605 2522; Tel: +81 6 6605 3141
† Electronic supplementary information (ESI) available: experimental
procedures for synthesis of 3 and characterizations of 3 and the synthetic
intermediates. See DOI: 10.1039/b608098g


Fig. 1 Stereostructures 1 and 2 of intricatetraol based on NMR data and
biogenesis.


Scheme 1 Retrosynthetic analysis of possible stereostructure 2.
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diol 4 would, in turn, be derived from diepoxide 5 by extending
both side chains with the C10 unit 6, still in the two-directional
mode. Thus, we planned to prepare the C2 symmetric chiral
diepoxide 5 from the readily available diol 7 via the established
Sharpless asymmetric dihydroxylation.7


Preparation of the diepoxide 5 began with protection of the
known diol 7 3b as a benzyl ether (Scheme 2). Sharpless asymmetric
dihydroxylation of the diene 8 using AD-mix-b 7 afforded an
inseparable mixture of diastereomeric tetraols in quantitative
yield. Subsequent selective TIPS protection of the secondary
hydroxy groups in the mixture resulted in separation of the
diastereomers to provide diols 11 and 12 in 67 and 28% yields,
respectively, after column chromatography on silica gel. Both
symmetric diols 11‡ and 12 were assigned to C2 and meso isomers,
respectively, by their optical rotations, 11: [a]26


D +4.8 (c 1.03,
CHCl3); 12: [a]22


D 0 (c 0.95, CHCl3). Deprotection of the benzyl


Scheme 2 Two-directional synthesis of diepoxide 5.


ether in the desirable major diol 11, mesylation of both primary
hydroxy groups in the resulting tetraol 13, and subsequent basic
treatment of the dimesylate gave diepoxide 15 in good overall yield.
Replacement of the bulky TIPS ether in 15 with a relatively small
MOM ether yielded the requisite diepoxide 5.§


The lithiation of the known allylic sulfide 6 3f and alkylation of
the lithio derivative with the diepoxide 5 were carried out in the
presence of TMEDA, and the resulting disulfide as a mixture
of diastereomeric sulfides was desulfurized under Bouvault–
Blanc conditions8 to yield the expected diol 4 (Scheme 3). Shi
asymmetric epoxidation of the bishomoallylic alcohol 4 catalyzed
by chiral ketone 17 5 followed by treating the resulting labile
bishomoepoxy alcohol with (±)-10-camphorsulfonic acid (CSA)


Scheme 3 Two-directional synthesis of tetraol 3.
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in dichloromethane brought about a regioselective 5-exo-tet
oxacyclization6b to produce diol 18 in 50% yield over two steps.
The C2 symmetric structure and the cis stereochemistry of the
THF ring in 18 (C40H74O12) could be confirmed by the observation
of only 20 signals in the 13C NMR spectrum and NOE shown in
18, respectively.


The remaining task is the generation of trisubstituted double
bonds. Selective deprotection of the acetonide group in diol 18
and subsequent cleavage of the resultant vicinal diol with sodium
metaperiodate afforded tetraTHF ether 19, which was found to
be present mostly as a hemiacetal in the 1H NMR spectrum, in
91% yield over two steps. The Wittig olefination of the hemiac-
etal 19 with an excess of isopropylidene triphenylphosphorane
provided the desired diene 20 in 63% yield. Removal of the
MOM protective group in the diene 20 furnished tetraol 3. The
spectral characteristics (1H and 13C NMR) of the synthetic 3,
[a]29


D +11.5 (c 0.175, CHCl3), were identical to those reported
for the dehalogenated product 3, [a]20


D +13.6 (c 0.77, CHCl3),
derived from the natural intricatetraol 1 by Suzuki et al.2 Thus,
it has been found that the possible stereostructure 2 proposed
for (+)-intricatetraol based on the hypothetical biogenesis is
correct.¶


In conclusion, we have accomplished the asymmetric synthesis
of tetraol (+)-3, a degradation product derived from the natural
product, through a two-directional strategy that takes its intrinsic
molecular symmetry into consideration. The synthesis has realized
the further additional assignment of the incomplete stereostruc-
ture of intricatetraol 1, the stereochemistry of which is difficult to
determine otherwise. The total synthesis and complete assignment
of the stereostructure of (+)-intricatetraol 2 are currently under
investigation in our laboratory.
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for the Promotion of Science, the Saneyoshi Scholarship Founda-
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Hydrophobic Fréchet-type dendritic chiral 1,2-diaminocyclohexane–Rh(III) complexes have been
applied in the asymmetric transfer hydrogenation of ketones in water using HCOONa as hydrogen
source. The catalysts were found to be finely dissolved in the liquid substrates in the aqueous mixture
and exhibited high catalytic activity and enantioselectivity (52–97% ee). The catalytic loading could be
decreased to 0.01 mol% and good conversion was still obtained with excellent enantioselectivity.
Moreover, the catalyst could be easily precipitated from the mixture by adding hexane and reused
several times without affecting the high enantioselectivity.


Introduction


Water has triggered ongoing interest as an alternative solvent
in organic synthesis due to its low cost, toxicity and environ-
mental impact.1 Since more and more metal-catalysed reactions
are able to be conducted smoothly in aqueous solution,2 the
recycling of such catalysts is also a task of great environmental
importance, especially when expensive and toxic heavy metal
complexes are employed. Water-soluble ligands are commonly
applied to give hydrophilic metal-catalysts that will be retained
in the aqueous phase,3 however, sometimes reduced catalytic
activity is encountered due to the biphasic characteristics of the
hydrophilic catalysts and the organic reactants. On the other hand,
catalysts immobilised on hydrophobic macromolecules have been
rarely investigated in aqueous reactions. This strategy might be
applicable in that the hydrophobic complex could be dissolved in
the liquid substrate to promote the reaction in a homogeneous
fashion, and high catalytic activity would be expected owing to
the high catalyst concentration in the substrate solution. Then the
catalysts could be recycled by adding inert solvent.


Recently the ruthenium or rhodium complexes of N-sulfonated
chiral diamines4,5 have been found to be more active cat-
alysts in the asymmetric transfer hydrogenation of ketones6


and imines7 in aqueous solution, in comparison with those
in organic solvents. In addition, recyclable N-sulfonated 1,2-
diphenylethylenediamine (DPEN)–ruthenium catalysts by em-
ploying water-soluble ligands6b,g or immobilisation on silica gel6f


have been successfully applied in water. However, the development
of recyclable catalysts based on chiral 1,2-diaminocyclohexane
(DACH)–metal complexes,8 especially for the rhodium complexes,
has not been well studied yet. Recently we reported the synthesis
of dendritic DPEN–ruthenium catalysts and achieved good re-
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sults in asymmetric transfer hydrogenation reactions in organic
solvents.9,10 It is intriguing to consider that the chiral DACH-
metal complexes immobilised on highly hydrophobic Fréchet-type
dendrons could be utilised as recyclable transfer hydrogenation
catalysts in water. Here, we would like to report our studies on this
subject.


Results and discussion


The core-functionalised dendritic ligands based on chiral 1,2-
diaminocyclohexane (DACH) were smoothly prepared in a similar
way as reported early.9a,c As illustrated in Scheme 1, the amino-
functionalised intermediate (R,R)-4, which was synthesised in
three steps from (R,R)-DACH, was condensed with Fréchet’s
polyether dendrons, using (PhO)3P as the coupling reagent.
Then the dendritic ligands 1a–1d were obtained through the
deprotection of the Boc group. The dendritic structures could
be established through MS techniques (ESI HRMS or MALDI-
TOF MS). All of the MS spectra displayed a very prominent
peak corresponding to the dendrimers complexed with proton or
potassium cation. MALDI-TOF MS was applied for the analysis
of 1d (Table 1).


With the desired chiral dendritic ligands 1a–1d in hand, the
catalytic activity and enantioselectivity of their ruthenium or
rhodium complexes were studied via the transfer hydrogenation
of acetophenone 7a, and also compared with the monomeric
TsDACH 6–metal complex. We have conducted the transfer
hydrogenation reactions in three different conditions for detailed
comparison of the dendritic catalysis at 1 mol% catalyst loading:
(A) [RuCl2(cymene)]2 as the metal precursor in DCM solution,


Table 1 MS data of dendritic ligands


Compound MW (calcd.) MW (found)


1a 585.2297 586.2351a ,b


1b 1009.3972 1010.4095a ,b


1c 1857.7321 1858.7390a ,b


1d 3554 3593c ,d


a ESI HRMS. b (M + H)+. c MALDI-TOF MS. d (M + K)+.
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Scheme 1 Synthesis of dendritic DACH ligands.


the azeotrope of HCOOH–NEt3 as the hydrogen source at 28 ◦C;
(B) [RuCl2(cymene)]2 as the metal precursor in aqueous solution,
HCOONa as the hydrogen source at 35 ◦C; (C) [RhCp*Cl2]2


as the metal precursor in aqueous solution, HCOONa as the
hydrogen source at 40 ◦C. The average turnover frequency (TOFs,
in relation to per Ru– or Rh–complex) and enantioselectivity were
summarised in Table 2.


Although quite different results were obtained under three
reaction conditions, in general, good retention of high enantiose-
lectivity was observed for all dendritic catalysts as compared to the
monomeric metal complex of 6. Much slower catalytic activity was
detected for the fourth generation dendritic 1d–Ru(II) or Rh (III)
complex due to its bulky structure, especially in the organic solvent
(Table 2, entries 5, 10 and 15).11 On the other hand, we were pleased
to find that all hydrophobic dendritic DACH–Ru(II) or Rh(III)
complexes could be finely dissolved in organic acetophenone and
maintained the high catalytic activity in water (conditions B,
entries 7–10, and conditions C, entries 12–15). Therefore, the
asymmetric reactions in the aqueous mixture promoted by the
hydrophobic dendritic catalysts still proceeded in a homogeneous
way. In addition, much better results were obtained by employing
[RhCp*Cl2]2 as the metal precursor (conditions C).6d Moreover,
the catalytic loading could be further decreased under conditions
C. The reduction of acetophenone took place smoothly at
0.1 mol% of 1b–Rh(III), furnishing a >99% conversion with 94%
ee in 4 h (entry 16). The reaction was also feasible with S/C ratio
up to 10000, though moderate conversion was obtained and a
prolonged reaction time was necessary (entry 17).


Having demonstrated that the dendritic DACH–Rh(III) cata-
lysts have high catalytic efficacy in water, we then tested the
recyclability of these dendritic catalysts via the solvent precip-
itation method. We employed the second generation dendritic
1b–Rh(III) complex at 1 mol% loading as the example. After a
specific reaction time, hexane was added to precipitate the 1b–
Rh catalyst, and then the organic phase containing the product
was removed. Before the next reaction could be conducted, 1 equiv.
HCOOH was added to adjust the pH value to about 7. As shown in
Table 3, the recycling use of dendritic 1b–Rh(III) catalyst was


Table 2 Comparison of the catalytic efficiency of dendritic catalysts
in different conditions in the asymmetric transfer hydrogenation of
acetophenonea


Entry Ligand Conditions TOF/h−1 Conv. (%) Eeb (%)


1 6 A 3.6 >99 94
2 1a A 3.5 >99 93
3 1b A 3.3 >99 94
4 1c A 3.8 >99 93
5 1d A 0.3 80 93
6 6 B 41 >99 88
7 1a B 37 >99 88
8 1b B 36 >99 88
9 1c B 37 >99 87


10 1d B 20 95 85
11 6 C 384 >99 95
12 1a C 344 >99 96
13 1b C 364 >99 96
14 1c C 324 >99 96
15 1d C 236 99 95
16c 1b C >99 94
17d 1b C 61 95


a Conditions A: [RuCl2(cymene)]2 (0.002 mmol), diamine ligand
(0.0044 mmol), acetophenone (0.4 mmol) and HCOOH–NEt3 (0.2 mL)
were stirred in DCM (0.5 mL) at 28 ◦C. The average TOFs were calculated
over 5 h reaction time. Conversions were determined by GC analysis
after 30 h; Conditions B: [RuCl2(cymene)]2 (0.002 mmol), diamine ligand
(0.0044 mmol), acetophenone (0.4 mmol) and HCOONa (2.4 mmol) were
stirred in water (1 mL) at 35 ◦C. The average TOFs were calculated over
2 h reaction time. Conversions were determined by GC analysis after 4 h;
Conditions C: [RhCp*Cl2]2 (0.002 mmol), diamine ligand (0.0044 mmol),
acetophenone (0.4 mmol) and HCOONa (2.4 mmol) were stirred in
water (1 mL) at 40 ◦C. The average TOFs were calculated over 15 min
reaction time. Conversions were determined by GC analysis after 40 min.
b Determined by GC analysis on a Chrompack CP Chirasil-dex column.
The absolute configuration was R. c Under conditions C at 4 mmol scale,
S/C = 1000, 4 h. d Under conditions C at 40 mmol scale, S/C = 10000,
72 h.
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Table 3 Recycling use of dendritic 1b–Rh in the asymmetric transfer
hydrogenation of acetophenone in watera


Run t/min Conv.b (%) Eec (%)


1 40 >99 96
2 40 >99 95
3 40 98 94
4 60 99 95
5 60 85 95
6 90 97 95


a Conditions: [RhCp*Cl2)]2 (0.01 mmol), ligand 1b (0.022 mmol), ace-
tophenone (2.0 mmol) and HCOONa (12 mmol) were stirred in water
(5 mL) at 40 ◦C. b Determined by GC analysis. c Determined by GC analysis
on a Chrompack CP Chirasil-dex column.


quite successful (Table 3, runs 1–6). Excellent conversion (97%)
and enantioselectivity (95%) were obtained even in the sixth run
with some extension of the reaction time. On the other hand,
it should be noted that, in contrast to the previously reported
dendritic DPEN–Ru(II) catalysts,9 the dendritic DACH–Rh(III)
or Ru(II) complexes exhibited very limited recyclability in organic
solution.12


Subsequently, we extended this protocol to a range of aromatic,
heteroaromatic and functionalised ketones (Fig. 1), aiming to
determine the potential applicability of the dendritic catalytic
system in the asymmetric transfer hydrogenation in water. The
results are summarised in Table 4. In the case of acetophenone
derivatives, excellent conversions and high ees could be obtained
irrespective of the substitution on the aryl ring (Table 4, entries 1–
5), however, a lower ee was observed for the ortho-substituted
ketone 7e (entry 5). 1-Tetralone 7f was completely converted
to the corresponding alcohol with excellent ee (entry 6). The
heteroaromatic ketones were also tested. 2-Acetylthiophene 7g
was successfully reduced in 98% conversion and 96% ee in 0.5 h
(entry 7). On the other hand, the transfer hydrogenation of
pyridyl ketones 7h and 7i in homogenous DCM–HCOOH–NEt3


conditions seemed unfeasible, in sharp contrast, both substrates
were smoothly reduced in the H2O–HCOONa system, affording
good isolated yields, while much higher reactivity and ee were
obtained for 2-acetylpyridine 7h than those of 3-acetylpyridine
7i (entry 8 vs. entry 9).13 a-Ketoester 7j could be smoothly
transfer hydrogenated in moderate enantioselectivity (entry 10). In


Fig. 1 Structures of the various ketones.


Table 4 Asymmetric transfer hydrogenation of ketones catalysed by
dendritic 1b–Rh in H2O–HCOONaa


Entry Substrate t/h Conv.b (%) Eec (%)


1 7a 0.7 >99 96
2 7b 0.5 99 93
3 7c 0.8 97 92
4 7d 1 95 94
5 7e 1.5 >99 81
6 7f 0.8 99 97
7 7g 0.5 98 96
8 7h 5 70d 91e


9 7i 9 69d 57
10 7j 4 97d 72e


11 7k 1.3 94d 52e


a Conditions: [RhCp*Cl2)]2 (0.002 mmol), ligand 1b (0.0044 mmol), ketone
7 (0.4 mmol) and HCOONa (2.4 mmol) were stirred in water (1 mL) at
40 ◦C. b Determined by GC analysis. c Determined by GC analysis on
a Chrompack CP Chirasil-dex column. d Isolated yield. e Determined by
HPLC analysis on OD or AS column.


addition, a,b-unsaturated ketone 7k was chemoselectively reduced
to the corresponding allylic alcohol in high yield, while the ee was
not satisfying (entry 11).9c


Conclusions


In conclusion, dendritic chiral monosulfonylated DACH ligands
supported on the core of Fréchet-type dendrons have been
synthesised. Their ruthenium(II) and rhodium(III) complexes have
been tested in the transfer hydrogenation of ketones in organic
or aqueous solution, and much better catalytic efficacy has been
noted in an aqueous system using HCOONa as the hydrogen
source. The highly hydrophobic dendritic rhodium(III) complexes
were found to be finely dissolved in the liquid substrates in
the reaction mixture and exhibited high catalytic activity and
enantioselectivity for a range of ketones. The catalytic loading
could be decreased to 0.01 mol% and good conversion was
still obtained with excellent enantioselectivity. Moreover, the
catalyst could be easily precipitated from the mixture by adding
hexane and reused several times without affecting the high
enantioselectivity. We believe that the application of other immo-
bilised hydrophobic catalysts in aqueous catalysis could be also
desirable.


Experimental


General methods


Melting points were determined in open capillaries and are
uncorrected. TLC was performed on glass-backed silica plates.
Column chromatography was performed using silica gel (200–
300 mesh) eluting with ethyl acetate and petroleum ether. NMR
was recorded on Bruker 300 or 400 MHz spectrometers. Chemical
shifts are reported in ppm down field from tetramethylsilane
with the solvent resonance as the internal standard. Enantiomeric
excess was determined by GC analysis on a CP CHIPASIL-DEX
column and HPLC analysis on Chiralpak OD or AS column.
DCM was distilled from CaH2. All other reagents were used
without purification as commercially available.
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(R,R)–N-(4′-Nitrophenylsulfonyl)-1,2-diaminocyclohexane (2).
To a solution of (R,R)-1,2-diaminocyclohexane (0.9 g, 16.7 mmol)
and NEt3 (3 mL, 21 mmol) in DCM (40 mL) was added a solution
of 4-nitrobenzenesulfonyl chloride (3.7 g, 16.7 mmol) in DCM
(10 mL) in an ice bath. The mixture was stirred overnight at room
temperature and concentrated under reduced pressure. The residue
was acidified with dilute HCl and extracted with EtOAc–ether (1 :
20 v/v, 20 mL). Then the aqueous phase was neutralised with
ammonia. The solid was collected, washed with water, and air
dried. Yield 3.6 g (72%), mp = 177.5–178 ◦C. [a]23


D +32.1 (c = 0.49,
C2H5OH). 1H NMR (CDCl3, 300 MHz) d 1.05–2.06 (m, 8H), 2.40–
2.48 (m, 1H), 2.70–2.92 (m, 3H), 8.11 (d, J = 8.7 Hz, 2H), 8.37
(d, J = 8.7 Hz, 2H) ppm. 13C NMR (CDCl3 + DMSO, 75 MHz)
d 19.1, 19.6, 27.2, 28.4, 49.0, 54.9, 118.9, 122.9, 142.8, 144.3 ppm.
IR (KBr) m (cm−1): 3429, 3297, 1529, 1354, 1165, 1090. ESI MS
m/z: 300.1 [M + H]+ (100).


(R,R )–N -Boc-N ′ - (4′ -nitrophenylsulfonyl ) -1,2-diaminocyclo-
hexane (3). Compound 2 (2.0 g, 6.7 mmol), (Boc)2O (1.7 g,
7.8 mmol) and DIPEA (1.5 mL, 8.6 mmol) were stirred in
DCM (30 mL) at room temperature for 20 hours. The solution
was washed successively with 0.5 mol L−1 citric acid, water,
saturated sodium bicarbonate and brine, and dried over Na2SO4.
Concentrating the solvent gave 3 as a pale yellow solid. Yield 2.6 g
(99%), mp = 159–162 ◦C. [a]23


D +42.1 (c = 0.42, C2H5OH). 1H
NMR (CDCl3, 300 MHz) d 1.12–2.03 (m, 8 H), 1.45 (s, 9H), 2.93–
2.96 (m, 1H), 3.34–3.37 (m, 1H), 4.40 (d, J = 7.5 Hz, 1H), 6.23 (d,
J = 5.4 Hz, 1H), 8.06 (d, J = 7.8 Hz, 2H), 8.34 (d, J = 8.1 Hz, 2H)
ppm. 13C NMR (CDCl3, 75 MHz) d 24.3, 24.5, 28.2, 32.5, 33.6,
53.4, 59.8, 80.2, 124.1, 128.0, 147.4, 149.6, 157.0 ppm. IR (KBr) m
(cm−1): 3386, 3349, 1678. ESI MS m/z: 438.1 [M + K]+, 422.1 [M +
Na]+. Calcd. for C17H25N3O6S: C 51.10, H 6.31, N 10.52, S 8.03,
found C 51.30, H 6.36, N 10.57, S 7.79%.


(R,R)–N -Boc-N ′ -(4′ -aminophenylsulfonyl)-1,2-diaminocyclo-
hexane (4). Compound 3 (2.5 g, 6.3 mmol), ammonium formate
(2 g, 32 mmol) and 10% Pd/C (400 mg) were stirred in methanol
(50 mL) for 20 min. The mixture was filtered through Celite. The
filtrate was concentrated and water (20 mL) was added, and then
the resultant precipitate was filtered, washed with water, and air
dried to give 4 as a white solid. Yield 2.3 g (95%), mp 176–177 ◦C.
[a]23


D +69.6 (c = 0.39, C2H5OH). 1H NMR (CDCl3, 300 MHz) d
1.10–2.05 (m, 8 H), 1.46 (s, 9 H, CH3), 2.79–2.82 (m, 1H), 3.27–
3.31 (m, 1H, NCH), 3.94 (br s, 2H), 4.53 (d, J = 7.8 Hz, 1H), 5.43
(d, J = 5.7 Hz, 1H), 6.70 (d, J = 8.7 Hz, 2H), 7.63 (d, J = 8.1 Hz,
2H) ppm. 13C NMR (DMSO + CDCl3, 75 MHz) d 24.4, 24.6, 28.4,
32.4, 33.0, 53.9, 57.4, 78.7, 113.4, 127.6, 128.6, 151.7, 156.6 ppm.
IR (KBr) m (cm−1): 3477, 3381, 3295, 1689. ESI MS m/z: 392.2 [M +
Na]+. Calcd. for C17H27N3O4S: C 55.26, H 7.37, N 11.73, S 8.68,
found C 55.35, H 7.37, N 11.56, S 8.48%.


General procedure for condensation of Frechét-type acid with
(R,R)-4


(R,R)-4 (150 mg, 0.41 mmol), dendritic acid (1.05 equiv.) and
triphenyl phosphate (370 mg, 1.1 mmol) were stirred in pyridine
(2 mL) at 95 ◦C for 24 h. The solution was poured into water
(30 mL) and extracted with EtOAc (40 mL). The organic layer
was washed successively with 0.5 mol L−1 citric acid, water, satu-
rated sodium bicarbonate and brine, and dried (Na2SO4). Flash


chromatography on silica gel gave the Boc-protected dendrimers
5a–5d.


(R,R)-5a. Yield 86%, mp = 185–187 ◦C. [a]23
D +30.6 (c = 0.35,


THF). 1H NMR (CDCl3, 300 MHz) d 1.08–2.05 (m, 8H), 1.46 (s,
9H), 2.82–2.86 (m, 1H), 3.30–3.33 (m, 1H), 4.45–4.47 (m, 1H),
5.10 (s, 4H), 5.72 (s, 1H), 6.81 (s, 1H), 7.10 (s, 2H), 7.34–7.43
(m, 10H), 7.76 (d, J = 7.8 Hz, 2H), 7.83 (d, J = 7.8 Hz, 2H),
8.04 (s, 1H) ppm. 13C NMR (DMSO + CDCl3, 75 MHz) d 23.5,
24.6, 28.5, 32.3, 32.9, 53.6, 57.0, 70.0, 105.2, 107.2, 120.0, 127.4,
127.8, 128.1, 128.4, 128.6, 136.7, 142.7, 156.2, 159.7, 165.7 ppm.
IR (KBr) m (cm−1): 3409, 3361, 1680, 1592, 1524, 1318, 1159. ESI
HRMS calcd. for C38H43N3O7S + Na 708.2720, found 708.2697.


(R,R)-5b. Yield 88%, mp 173–174 ◦C. [a]23
D +17.6 (c = 0.49,


THF). 1H NMR (CDCl3, 300 MHz) d 1.08–2.00 (m, 8H), 1.46 (s,
9H), 2.75–2.87 (m, 1H), 3.20–3.35 (m, 1H), 5.04, 5.10 (s × 2, 12H),
6.59–6.69 (m, 7H), 7.06 (s, 2H), 7.30–7.43 (m, 20H), 7.75–7.95 (m,
4H) ppm. Partial 13C NMR (CDCl3, 75 MHz) d 24.9, 25.0, 28.3,
38.0, 39.5, 54.8, 59.5, 66.0, 70.1, 80.2, 101.5, 106.3, 106.4, 119.9,
127.5, 128.0, 128.5, 136.4, 136.6, 138.7, 160.0, 160.1, 165.7 ppm.
IR (KBr) m (cm−1): 3409, 3362, 1683, 1593, 1320, 1159, 1049. ESI
MS m/z: 1131.8 [M + Na]+. Calcd. for C66H67N3O11S C 71.39, H
6.08, N 3.78, S 2.89, found C 71.02, H 6.13, N 3.68, S 2.89%.


(R,R)-5c. Yield 74%, mp 131–133 ◦C. [a]23
D +15.8 (c = 0.35,


THF). 1H NMR (CDCl3, 300 MHz) d 0.86–2.01 (m, 8H), 1.46 (s,
9H), 2.84–2.86 (m, 1H), 3.30–3.33 (m, 1H), 4.90–5.01 (m, 28H),
6.57–6.68 (m, 19H), 7.02 (s, 2H), 7.28–7.41 (m, 40H), 7.65–7.80
(m, 4H) ppm. Partial 13C NMR (CDCl3, 75 MHz) d 26.4, 26.9,
28.3, 34.9, 35.4, 53.8, 59.8, 69.9, 70.0, 80.3, 101.5, 101.6, 106.4,
119.7, 127.5, 127.9, 128.1, 128.2, 128.3, 128.5, 136.4, 136.7, 138.7,
139.1, 160.0, 160.1, 165.5 ppm. IR (KBr) m (cm−1): 3509, 3407,
3316, 1680, 1595, 1158, 1051. Calcd. for C122H115N3O19S C 74.79,
H 5.92, N 2.14, S 1.64, found C 74.76, H 5.94, N 2.09, S 1.26%.


(R,R)-5d. Yield 55%, mp 93–98 ◦C. [a]23
D +4.6 (c = 0.37, THF).


1H NMR (CDCl3, 300 MHz) d 0.89–1.95 (m, 8H), 1.46 (s, 9H),
2.82–2.86 (m, 1H), 3.31–3.32 (m, 1H), 4.75–4.98 (m, 60H), 6.55–
6.83 (m, 45H), 7.14–7.37 (m, 80H), 7.72–7.78 (m, 4H) ppm. IR
(KBr) m (cm−1): 3527, 3500, 3415, 3031, 1685, 1595, 1449, 1156,
1050. Calcd. for C242H211N3O35S C 76.85, H 5.82, N 1.15, S 0.88,
found C 76.56, H 5.77, N 1.14, S 0.54%.


General procedure for deprotection of Boc-group


Boc-protected dendrimer 5a–5d (0.42 mmol) was dissolved in
DCM (1 mL) and cooled in ice water. TFA (2 mL) was added and
the solution was stirred for 1 h (HCl–EtOAc solution was used to
deprotect Boc-group of dendrimer 5d). The solvent was removed
under vacuum. The mixture was neutralised with ammonia and
then extracted with EtOAc (20 mL). The organic layer was washed
with water, dried and concentrated to give the desired product 1a–
1d as a white solid.


(R,R)-1a. Yield 92%, mp 212–214 ◦C. [a]23
D −8.0 (c = 0.34,


THF). 1H NMR (DMSO, 300 MHz) d 1.05–1.80 (m, 8H), 2.58–
2.75 (m, 2H), 5.18 (s, 4H), 6.94 (s, 1H), 7.22 (d, J = 2.1 Hz, 2H),
7.35–7.49 (m, 10H), 7.80 (d, J = 8.7 Hz, 2H), 7.97 (d, J = 8.7 Hz,
2H) ppm. 13C NMR (DMSO, 75 MHz) d 29.2, 29.6, 37.0, 38.3,
59.0, 64.6, 74.8, 110.3, 112.1, 125.2, 132.5, 132.6, 132.9, 133.1,
133.6, 141.6, 141.8, 147.6, 164.6, 170.5 ppm. IR (KBr) m (cm−1):
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3432, 3303, 1655, 1591, 1522, 1322, 1159, 1059. ESI HRMS calcd.
for C33H35N3O5S + H 586.2375, found 586.2351.


(R,R)-1b. Yield 91%. [a]23
D +11.3 (c = 0.24, THF). 1H NMR


(CDCl3, 300 MHz) d 0.87–2.14 (m, 8H), 2.75–2.87 (m, 1H),
3.20–3.35 (m, 1H), 4.89, 5.05 (s × 2, 12H), 6.49–6.74 (m, 9H),
7.28–7.45 (m, 20H), 7.89–8.04 (m, 4H) ppm. Partial 13C NMR
(CDCl3 + DMSO, 75 MHz) d 29.2, 29.7, 31.5, 36.8, 37.8, 59.1,
63.8, 74.6, 106.2, 110.2, 111.2, 111.8, 112.0, 125.0, 132.3, 132.7,
133.3, 140.9, 141.5, 143.8, 147.7, 164.4, 164.8, 170.8 ppm. IR (KBr)
m (cm−1): 3437, 1658, 1594, 1321, 1157, 1054. ESI HRMS calcd.
for C61H59N3O9S + H 1010.4050, found 1010.4095.


(R,R)-1c. Yield 90%. [a]23
D +3.4 (c = 0.30, THF). 1H NMR


(CDCl3, 300 MHz) d 0.89–1.72 (m, 8H), 2.94–2.99 (m, 1H), 3.32–
3.42 (m, 1H), 4.79–5.03 (m, 28H), 6.48–6.67 (m, 21H), 7.13–
7.38 (m, 40H), 7.75–7.90 (m, 4H) ppm. IR (KBr) m (cm−1):
3433, 3031, 1599, 1450, 1321, 1157, 1053. ESI HRMS calcd. for
C117H107N3O17S + H 1858.7395, found 1858.7390.


(R,R)-1d. Yield 85%. [a]23
D +1.3 (c = 0.31, THF). 1H NMR


(CDCl3, 300 MHz) d 4.79–5.0 (m, 60H), 6.48–6.67 (m, 45H), 7.25–
7.38 (m, 84H) ppm. The signal of the DACH moiety is too small
to be detected. IR (KBr) m (cm−1): 3411, 3032, 1595, 1449, 1374,
1157, 1052. MALDI-TOF MS calcd. for C229H203N3O33S + K 3593,
found 3593.


General procedure for asymmetric transfer hydrogenation of
ketone compounds


[Cp*RhCl2]2 (1.3 mg, 0.002 mmol), dendritic ligand 1
(0.0044 mmol) and NEt3 (2 lL, 0.013 mmol) were stirred in
DCM at 40 ◦C for 1 h. After removal of DCM under reduced
pressure, ketone 7 (0.4 mmol), HCOONa (250 mg, 6 equiv.) and
water (1 mL) were added. After the reaction was completed
(monitored by TLC), the reaction mixture was extracted with
ether. The organic phase was dried over anhydrous Na2SO4 and
concentrated under reduced pressure. The product was directly
used for GC analysis. Products from 7h, 7j and 7k were purified
by flash chromatography on silica gel and the ees were determined
by HPLC analysis on OD or AS column.


General procedure for recycling of dendritic catalyst in asymmetric
transfer hydrogenation of acetophenone


[Cp*RhCl2]2 (6.5 mg, 0.01 mmol), dendritic ligand 1b
(0.022 mmol) and NEt3 (10 lL, 0.065 mmol) were stirred in DCM
at 40 ◦C for 1 h. After removal of DCM under reduced pressure,
acetophenone (0.24 mL, 2 mmol), HCOONa (1.25 g, 12 mmol)
and water (5 mL) were added. After a specific reaction time, n-
hexane (5 mL) was added to precipitate the dendritic catalyst,
and the organic phase containing the chiral alcohol was carefully
removed. Before the next reaction could be conducted, HCOOH
(80 lL, 2 mmol) was added to adjust the pH value of aqueous
solution to about 7. Then acetophenone (2 mmol) were added and
the mixture was stirred at 40 ◦C.
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Biotransformations of a series of ortho-, meta- and para-substituted ethylbenzene and propylbenzene
substrates have been carried out, using Pseudomonas putida UV4, a source of toluene dioxygenase
(TDO). The ortho- and para-substituted alkylbenzene substrates yielded, exclusively, the corresponding
enantiopure cis-dihydrodiols of the same absolute configuration. However, the meta isomers, generally,
gave benzylic alcohol bioproducts, in addition to the cis-dihydrodiols (the meta effect). The benzylic
alcohols were of identical (R) absolute configuration but enantiomeric excess values were variable. The
similar (2R) absolute configurations of the cis-dihydrodiols are consistent with both the ethyl and
propyl groups having dominant stereodirecting effects over the other substituents. The model used
earlier, to predict the regio- and stereo-chemistry of cis-dihydrodiol bioproducts derived from
substituted benzene substrates has been refined, to take account of non-symmetric subsituents like ethyl
or propyl groups. The formation of benzylic hydroxylation products, from meta-substituted benzene
substrates, without further cis-dihydroxylation to yield triols provides a further example of the meta
effect during toluene dioxygenase-catalysed oxidations.


Introduction


Bacterial aryl ring dihydroxylating dioxygenase enzymes (dioxyge-
nases) have been widely recognised for their ability to catalyse the
introduction of two oxygen atoms (cis-dihydrodiol formation) to
substrates containing a benzene ring in a regio- and stereo-selective
manner. The formation of cis-dihydrodiol metabolites B, from
arenes A, was initially studied using mutant strains of bacteria
(mainly Pseudomonas) which allow these initial bioproducts and
other metabolites to accumulate (Scheme 1). Since the first report
of the isolation and identification of a cis-dihydrodiol metabolite
B, i.e. from the parent benzene ring A,1 in excess of three hundred
examples from substituted benzene substrates have now been
reported. The majority of these cis-dihydrodiols B are enantiopure
and are being widely used as synthetic precursors.2–12


While dioxygenases, present in whole cells of selected mutants,
e.g. Pseudomonas putida UV4 (a source of toluene dioxygenase,
TDO), can catalyse arene cis-dihydroxylations (A → B, Scheme 1),
it has recently been found that they can also catalyse other types
of oxidations (e.g. A → C, D → E, F → G; Scheme 1 and
Scheme 2). In view of the increasing importance of cis-dihydrodiols
as synthetic precursors it was considered important to rationalise
the factors which allow a prediction to be made for the preferred
TDO-catalysed oxidation pathway.
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Scheme 1


Scheme 2


TDO-catalysed insertion of a single oxygen atom into a C–H
bond of an alkyl-substituted benzene ring (benzylic hydroxylation)
has also been observed, particularly in benzo-fused bicyclic
substrates where the benzylic alcohol products were readily
isolated.13–18


Although dioxygenase-catalysed benzylic hydroxylation of
alkyl-substituted benzene substrates A has been observed, prior
to the current study, in virtually all cases, isolation of the
benzylic alcohols C has proved to be elusive due to their being:
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(a) excellent substrates (e.g. R = Me, Et, Pr) which are immediately
oxidised to the corresponding triols H (R = Me, Et, Pr), or (b)
unstable intermediates (R = CN, SMe, OAc) that spontaneously
decompose to benzaldehyde I (Scheme 2).18 In addition to arene
cis-dihydroxylation, dioxygenase enzymes have also been found
to catalyse the dihydroxylation of acyclic and cyclic conjugated
alkenes D to give the corresponding alkene diols E,19–32 and
monosulfoxidation of alkyl aryl sulfides F to give monosulfoxides
G 33–43 (Scheme 1).


During the course of earlier studies from these laboratories,
using P. putida UV4 as a source of TDO, it was observed
that cis-dihydroxylation of disubstituted benzene substrates A
(R and R′ �= H) was slower, and yields of the corresponding
cis-dihydrodiols B were generally lower (Scheme 3).32,43,44 This
was particularly evident from combinatorial biotransformation
studies where the relative rates of cis-dihydroxylation of meta-
disubstituted benzene substrates A (R and R′ �= H) were lower
compared with monosubstituted benzenes A (R′ = H) and ortho-
or para-disubstituted benzenes (R and R′ �= H, Scheme 3).
Similarly, meta-substituted styrene substrates (A, R = CH=CH2)
often yielded more of the exocyclic alkene diol E during TDO-
catalysed biotransformations (Scheme 3).32 The structural features
of substituted styrenes (A, R = CH=CH2), which determine the
preference of TDO for dihydroxylation of either the arene ring
(to give a cis-dihydrodiol B) or the alkene group (to give an
alkene diol E), have also been determined.32 Furthermore, meta-
substituted phenyl methyl sulfides (A, R = SMe, meta R′ = F,
Cl) gave sulfoxides (G, meta R′ = F, Cl) exclusively rather than
cis-dihydrodiols B (R = SMe, meta R′ = F, Cl) which were formed
when ortho and para substituents were present (Scheme 3). Thus,
the question of selectivity of this enzyme, present in P. putida UV4
whole cell systems, for either aryl rings or sulfur atoms has already
been addressed;43 all the results were consistent with the presence
of a meta effect.


Scheme 3


Recent oxidation studies45 of alkyl-substituted pyridine sub-
strates J, using P. putida UV4, also showed evidence of both
monohydroxylation of the alkyl group (equivalent to benzylic
hydroxylation) to yield alcohol K or monohydroxylation of
the electron-poor pyridine ring to yield hydroxypyridines M
(Scheme 4). Aromatic hydroxylation of the pyridine ring presum-
ably occurs via cis-dihydroxylation, to give unstable dihydrodiols
L (or a regioisomer), followed by dehydration. Aromatic mono-
hydroxylation of the aza-arene rings J to yield bioproducts M,
exclusively, when the alkyl group was at C-4 showed a marked


Scheme 4


contrast with aliphatic hydroxylation of C-3 alkyl substrates J to
yield, exclusively, alcohols K. Alkyl substitution at C-2 resulted
in both alkyl and aryl hydroxylations, further demonstrating that
the regioselectivity of the TDO enzyme, during arene oxidations,
is dependent on the substitution pattern.


As a consequence of the reactivity of the transient benzylic
alcohol intermediates C (Scheme 2), very few examples of isolable
alcohols have been found from benzylic hydroxylation of alkyl-
substituted benzene substrates; the current study is primarily
focussed on this objective. In this context, the factors which
determine the nature of TDO-catalysed regioselectivity and stere-
oselectivity, observed during oxidation of disubstituted benzene
substrates A which contain an alkyl group (R = Et or Pr, Scheme 3
and Table 1), have now been examined to determine: (i) the relative
stereodirecting effects of the alkyl groups, (ii) if the arene cis-
dihydroxylation path to yield cis-dihydrodiols B is inhibited when
a meta substituent is present (a meta effect) and (iii) the preferred
stereochemistry of the benzylic alcohol metabolites C (Scheme 3).


Results and discussion
Results obtained from biotransformations of substituted alkyl-


benzene substrates A (R = H, Me, Et and Pr, Scheme 2), using P.
putida UV4, had shown that the TDO enzyme exhibits a marked
preference for oxidation of the arene ring to give the corresponding
cis-dihydrodiols B rather than the methyl or methylene group.
Thus, toluene A (R = H) gave only a trace of benzyl alcohol
C (1–2% yield; R = H). When other alkyl groups were present
in substrate A (R = Me; Et, or Pr), the proportion of attack at
the benzylic position could only be estimated from the isolated
yields of triols H [R = Me (5%), Et (26%), Pr (9%)] formed by
rapid oxidation of the corresponding benzyl alcohols C which
were generally undetected (Scheme 2).


Based on the observations that Et and Pr groups were more
likely to undergo benzylic hydroxylation than a Me group, albeit
in modest yield, using monosubstituted alkylbenzene substrates,
a systematic study of the TDO-catalysed oxidation of a series
of substituted ethylbenzene and propylbenzene substrates was
undertaken (Table 1). The structures of the bioproducts were
confirmed by spectroscopic comparisons with authentic samples,
MS and 1H-NMR analyses (chemical shift, coupling constant,
NOE), and elemental microanalyses. For consistency of absolute
configuration assignment of the bioproducts, the carbon atom
bearing the Et or Pr groups was designated as C-1 for the disub-
stituted benzene substrates A and the benzyl alcohol products C
(Table 1). The 2-substituted alkylbenzene substrates (2A–5A, 14A)
and 4-substituted benzene substrates (6A–9A, 15A–17A) were
found to give the corresponding cis-dihydrodiols (2B–9B, 14B–
17B) exclusively. As expected, the isolated yields were generally
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Table 1 Relative yields, ee values and absolute configurations of cis-dihydrodiol and benzyl alcohol bioproducts


Arene cis-Dihydrodiol Benzyl alcohol


R R′ Yield (%)a Ee Abs. config. Yield (%)a Ee Abs. config.


Me 2-H 1A 1B 8 >98 1S,2R b ,c 1H 92 >98 1S,2R1′R b ,c


Me 2-F 2A 2B 100 >98 1S,2R 2C 0
Me 2-Cl 3A 3B 100 >98 1S,2R 3C 0
Me 2-Br 4A 4B 100 >98 1S,2R 4C 0
Me 2-I 5A 5B 100 >98 1S,2R 5C 0
Me 4-F 6A 6B 100 >98 1R,2R 6C 0
Me 4-Cl 7A 7B 100 >98 1R,2R 7C 0
Me 4-Br 8A 8B 100 >98 1R,2R 8C 0
Me 4-I 9A 9B 100 >98 1R,2R 9C 0
Me 3-F 10A 10B 60, 10 >98 1S,2R 10C 40, 90 2 R
Me 3-Cl 11A 11B 14 >98 1S,2R 11C 86 6 R
Me 3-Br 12A 12B 34 >98 1S,2R 12C 66 18 R
Et 2-H 13A 13B 37 b ,c >98 1S,2R 13H 63 b ,c 1S,2R 1′R
Et 2-F 14A 14B 100 >98 1S,2R 14C 0
Et 4-F 15A 15B 100 >98 1R,2R 15C 0
Et 4-Cl 16A 16B 100 >98 1R,2R 16C 0
Et 4-Br 17A 17B 100 >98 1R,2R 17C 0
Et 3-F 18A 18B 0 1S,2R 18C 100 94 R
Et 3Cl 19A 19B 68 >98 1S,2R 19C 32 46 R


a Relative yields of bioproducts B and C. b Ref. 18. c Isolated as a triol H.


low (2–50%) and no evidence of benzylic monohydroxylation or
trihydroxylation was observed. These cis-dihydrodiol metabolites
were all found to be present as single enantiomers (>98% ee),
by employing reported methods for enantiopurity determina-
tion, e.g. 1H-NMR analysis of diastereoisomeric boronate esters
formed using (R)- and (S)-2-(1-methoxyethyl)benzeneboronic acid
(MEBBA).18,29,32,37,43,46 In the 1H-NMR spectra of the boronates,
the d values for the CMe and OMe groups, obtained using
perdeuteriochloroform solvent and the (−)-(S)-boronic acid, were
all shifted downfield (CMe) and upfield (OMe) relative to the
signals obtained using (+)-(R)-boronic acid. On this basis, all the
cis-dihydrodiols were tentatively assigned a (2R) configuration.
This conclusion was supported by circular dichroism (CD)
spectroscopy and stereochemical correlation with related cis-
dihydrodiols of known configurations, e.g. those derived from 4-
substituted toluenes. With the exception of cis-dihydrodiol 2B,
all the cis-dihydrodiols showed a positive CD absorption at
longer wavelength (268–282 nm), in common with cis-dihydrodiol
metabolites of monosubstituted alkylbenzene substrates having
a (2R) configuration.47 Although cis-dihydrodiol 2B did not
show any CD absorption in the longer wavelength region, a
very similar CD spectrum was obtained for the corresponding
cis-dihydrodiol metabolite from 2-fluorotoluene whose absolute
configuration was established in an unequivocal manner (X-ray
crystallography) to possess a 2R configuration. Thus, by analyses
of 1H-NMR spectra (MEBBA derivatives) and CD spectroscopy
data (cis-dihydrodiol), the absolute configuration of each of
the cis-dihydrodiols 2B–12B, 14B–17B and 19B was found to
be (2R) (see ESI†, Table S1, for the 1H-NMR data of these
compounds).


The (2R) absolute configuration, assigned to each of the cis-
dihydrodiols 6B–9B and 15B–17B is consistent with the prediction
made on the basis of a simple model that had been proposed
earlier44 to account for the preferred absolute configurations of cis-
dihydrodiol metabolites (TDO enzyme present in P. putida UV4)
of 1,4-disubstituted benzene substrates (Scheme 5). This model
has also been used, recently, to rationalise both the regio- and
the stereo-selectivity of TDO-catalysed cis-dihydroxylation of 1,2-
and 1,3-disubstituted benzene substrates.7,8,10–12


Scheme 5


The model assumes a stereopreference for configuration B over
the enantiomeric configuration B′, based on the relative differences
in size between large (L) and small (S) conformationally inde-
pendent atoms or substituents, using standard steric parameter
values, e.g. the Charton steric parameter (t).48 Thus, the dominant
stereodirecting effect of the larger (L) atom or group was found to
follow the sequence CF3 (t 0.90) > I (t 0.78) > Br (t 0.65) > Cl
(t 0.55) ≈ Me (t 0.52) > F (t 0.27) > H (t 0.00) with decreasing
enantiopurity values as the size difference between the atoms or
groups became smaller. To accomodate substituents whose size
will be conformationally dependent, the predictive model has
recently been refined. A thiomethoxide group (SMe), having a
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smaller t value (0.60) than a CF3 group or the halogen atoms (Cl,
Br and I), was found to have a stronger stereodirecting effect than
the atoms (H, F, Cl, Br, I) or groups (Me, CF3) studied earlier.43


The results shown in Table 1 indicate that: (a) the conformationally
dependent Et (t 0.56) and Pr (t 0.68) groups, present in the 1,4-
disubstituted benzene substrates 6A–9A and 15A–17A, exert a
stronger stereodirecting effect than the atoms (I, Br, Cl, F) or a
Me group (Pr > Et > I > Br > Cl ≈ Me > F > H), (b) the
dominant stereodirecting effect of the conformationally dependent
tetrahedral groups SMe, Et and Pr is determined by the preferred
conformation adopted within the active site rather than their t
values.


The cis-dihydrodiol metabolites 2B–5B and 14B from 1,2-
disubstituted benzene substrates 2A–5A and 14A (Table 1) were
all found be enantiopure (>98% ee) and of the same (2R) absolute
configuration. The dihydroxylation of the arene bond proximate to
the dominant stereodirecting group (L) was strongly favoured (no
evidence of the alternative regioisomers B′ was obtained). These
results are again consistent with the conclusion that these alkyl
groups (L = Et and Pr) are stronger stereodirecting groups than
the halogen atoms (S = F, Cl, Br and I; Scheme 6).


Scheme 6


The cis-dihydrodiol metabolites B of 1,3-disubstituted benzenes,
obtained during our current studies, were also formed exclusively
(no evidence of B′) and found to be enantiopure and of identical
absolute configuration (Scheme 6). These cis-dihydrodiols were
again more difficult to form compared with the corresponding
diols from 1,2- or 1,4-disubstituted benzene substrates. Thus, no
evidence of cis-dihydrodiol 18B was found from biotransforma-
tion of the 1,3-disubstituted benzene 18A. However, during the
biotransformation of 1,3-disubstituted benzenes 10A–12A and
19A, cis-dihydroxylation did occur but exclusively on the arene
bond proximate to the Et and Pr groups to yield cis-dihydrodiols
10B–12B and 19B rather than the alternative regioisomers 10B′–
12B′ and 19B′. This marked regioselectivity of TDO-catalysed
cis-dihydroxylation of 1,2- and 1,3-disubstituted benzenes further
supports our conclusion that the stereodirecting effects decrease
in the sequence Pr > Et > CF3 > I > Br > Cl ≈ Me > F > H.


The unoptimised isolated yields of cis-dihydrodiols 2B–12B,
14B–17B and 19B, obtained from substituted ethylbenzenes (2A–
12A, 3–55% yields) and propylbenzenes (14A–17A and 19A, 2–
40% yields), were generally much lower than the corresponding
monosubstituted benzene substrates (ethylbenzene 1A, 65% yield
including triol; propylbenzene 13A, 41% yield including triol).
Nevertheless, the determination of the preferred stereo- and regio-


chemistry of isolated bioproducts has contributed in refining the
predictive models (Schemes 5 and 6).


The benzylic alcohol products 10C–12C, 18C and 19C, obtained
from meta-substituted benzene substrates 10A–12A, 18A and 19A,
were formed in very low yields (1–6%). A wide range of ee
values (2–94%) was observed, using chiral stationary phase HPLC
analysis (Method B; CSPHPLC, Daicel OB column); in each
case an identical (R) absolute configuration was found, based on
optical rotation measurements and comparison with the literature
data. It was assumed that the variable ee values recorded could
be the result of asymmetric synthesis and/or kinetic resolution.
It is noteworthy that none of the ortho- or para-substituted
alkylbenzene substrates were found to be oxidised via benzylic
hydroxylation. Furthermore, in contrast with the benzylic alcohol
bioproducts 1C and 13C (formed initially from ethylbenzene
1A and propylbenzene 13A but rapidly converted, via TDO-
catalysed cis-dihydroxylation, to the corresponding triols 1H and
13H) none of the benzylic alcohols 10C–12C, 18C or 19C were
found to be oxidised to the corresponding triols. This observation
further supports the view that meta-substituted benzene substrates
generally show a preference for TDO-catalysed oxidation of
a peripheral substituent (benzylic hydroxylation, sulfoxidation
and alkene dihydroxylation) rather than an aryl group and that
TDO-catalysed cis-dihydroxylation is slower for 1,3-disubstituted
benzene substrates due to the meta effect. From the results
presented, it may be assumed that a substituent at a meta-postion
of a benzene substrate does not allow binding and catalysis of
arene cis-dihydroxylation at the TDO active site to occur as
readily as peripheral oxidation pathways. Our unpublished results
on the biotransformation (P. putida UV4) of ortho-, meta- and
para-xylene substrates show that the corresponding monobenzylic
alcohols are the only isolable bioproducts formed (6–13% yields).
This may be due to the slower rate of cis-dihydroxylation of the
disubstituted benzene rings allied to the availability (statistical
factor) of six benzylic C–H bonds.


Conclusion


The biotransformation of a series of substituted ethylbenzene
and propylbenzene substrates has yielded enantiopure (2R) cis-
dihydrodiols via TDO-catalysed dihydroxylation. The stereoselec-
tivity of this oxidation was rationalised, using a refined predictive
model where the effective size of conformationally dependent
substituents, e.g. Et and Pr groups, was found to have a dom-
inant stereodirecting influence. Meta-substituted ethylbenzene
and propylbenzene substrates were also found to yield benzylic
alcohol bioproducts rather than the corresponding triols; this was
consistent with earlier evidence of a meta effect.


Experimental
1H-NMR spectra were recorded at 300 MHz (Bruker Avance
DPX-300) and at 500 MHz (Bruker Avance DRX-500) in CDCl3


solvent, unless stated otherwise. Chemical shifts (d) are reported
in ppm relative to SiMe4 and coupling constants (J) are given in
Hz. Mass spectra were recorded at 70 eV on a VG Autospec Mass
Spectrometer, using a heated inlet system. Accurate molecular
weights were determined by the peak matching method with
perfluorokerosene as standard. Elemental microanalyses were
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obtained on a Perkin-Elmer 2400 CHN microanalyser. Circular
dichroism spectra were recorded on a Jasco J-720 instrument
in acetonitrile solvent. CSPHPLC analysis was carried out on
a Shimadzu LC-6A liquid chromatograph (Daicel OB column)
connected to Hewlett Packard diode array detector. Optical
rotation ([a]D) measurements were performed on a Perkin-
Elmer polarimeter at ambient temperature temperature (20 ◦C)
and are expressed in units of 10−1 deg cm2 g−1. Ethylbenzene
2A–12A and propylbenzene 14A–19A substrates were prepared
from commercially available substituted styrene and alkyl phenyl
ketones, using literature methods. The corresponding benzylic
alcohol metabolites 10C–12C, 18C, 19C were found to have
similar 1H-NMR spectral characteristics to those reported in the
literature.


Shake flask (<0.5 g) biotransformations were carried out
using P. putida UV4 under reported conditions.32 cis-Dihydrodiol
2B–12B, 14B–17B, 19B and benzyl alcohol bioproducts 10C–
12C, 18C, 19C obtained after bioconversion of the correspond-
ing substrates 2A–12A, 14A–19A were separated and purified
by preparative layer chromatography (PLC) (silica gel, 50%
EtOAc in hexane). The enantiomeric excess (ee) values of cis-
dihydrodiols 2B–12B, 14B–19B were determined via forma-
tion of the corresponding diastereoisomeric boronate esters us-
ing R- and S-2-(1-methoxyethyl)benzeneboronic acids followed
by 1H-NMR analysis of the diastereoisomeric composition
(Method A).46


The absolute configurations were determined by 1H-NMR
analysis of the chemical shift values of chiral boronate derivatives,
and comparison of CD spectra of cis-dihydrodiols. The ee values of
benzylic alcohol metabolites 10C–13C, 18C, 19C were determined
by CSPHPLC analyses using a Daicel OB column (hexane–
isopropanol, 95 : 5, Method B), and comparison of the sign of
specific optical rotations with the literature values.


cis-Dihydrodiol bioproducts 2B–12B, 14B–17B, 19B


cis-(1S,2R)-1,2-Dihydroxy-3-ethyl-4-fluorocyclohexa-3,5-diene
2B. From substrate 2A (0.025 g, 10%); mp 59–61 ◦C (from
hexane); [a]D −6.2 (c 0.45, MeOH); m/z (EI) (trimethylsilyl deriva-
tive from BSTFA) 302 (M+, 90%), 73 (Me3Si, 100); (Found: M+


158.0745; C8H11FO2 requires 158.0743); >98% ee (Method A);
CD k 206 nm (De 0.527), 258 nm (De −0.909).


cis-(1S,2R)-1,2-Dihydroxy-4-chloro-3-ethylcyclohexa-3,5-diene
3B. From substrate 3A (0.032 g, 7%); mp 57–59 ◦C (from
CH2Cl2–hexane); [a]D +81 (c 0.4, MeOH); (Found: C 55.3, H 6.1;
C8H11ClO2 requires C 55.2, H 6.4%); m/z (EI) 174 (M+, 32%), 156
(26), 93 (100); >98% ee (Method A); CD k 209 nm (De 2.434),
279 nm (De 0.872).


cis-(1S,2R)-1,2-Dihydroxy-4-bromo-3-ethylcyclohexa-3,5-diene
4B. From substrate 4A (0.031 g, 18%); mp 71–72 ◦C (from
hexane); [a]D +47 (c 0.4, MeOH); m/z (EI) (trimethylsilyl deriva-
tive from BSTFA) 364 [(81Br)M+, 20%], 362 [(79Br)M+, 18], 283
(M+ − Br, 30), 73 (Me3Si, 100); (Found: M+ 217.9934; C8H11


79BrO2


requires 217.9942); >98% ee (Method A); CD k 211nm (De 1.36),
276 nm (De 0.701).


cis-(1S,2R)-1,2-Dihydroxy-3-ethyl-4-iodocyclohexa-3,5-diene 5B.
From substrate 5A (0.132 g, 46%); mp 92–94 ◦C (from CHCl3);
[a]D +71 (c 0.7, MeOH); m/z (EI) 266 (M+, 15%), 248 (M+ − H2O,


100), 139 (M+ − I, 17); (Found: M+ 265.9804; C8H11IO2 requires
265.9804); >98% ee (Method A); CD k 236 nm (De 2.55), k 283 nm
(De 1.55).


cis-(1R,2R)-1,2-Dihydroxy-3-ethyl-6-fluorocyclohexa-3,5-diene
6B. From substrate 6A (0.140 g, 55%); mp 80–81 ◦C (from
hexane); [a]D +147 (c 0.4, MeOH); m/z (EI) (trimethylsilyl
derivative from BSTFA) 302 (M+, 35%), 191 (25), 147 (45), 73
(Me3Si, 100); (Found: M+ 158.0741; C8H11FO2 requires 158.0743);
>98% ee (Method A); CD k 209 nm (De 0.06), 264 nm (De 3.43).


cis-(1R,2R)-1,2-Dihydroxy-6-chloro-3-ethylcyclohexa-3,5-diene
7B. From substrate 7A (0.037 g, 8%); mp 90–91 ◦C (from
CH2Cl2–hexane); [a]D +92 (c 0.4, MeOH); (Found: C 55.1, H 6.8;
C8H11ClO2 requires C 55.2, H 6.4%); m/z (EI) 174 (M+, 46%), 156
(31), 93 (100); >98% ee (Method A); CD k 217 nm (De 1.451), k
282 nm (De 0.386).


cis-(1R,2R)-1,2-Dihydroxy-6-bromo-3-ethylcyclohexa-3,5-diene
8B. From substrate 8A (0.057 g, 32%); mp 116–118 ◦C (from
CHCl3); [a]D +27 (c 0.4, MeOH); m/z (EI) (trimethylsilyl derivative
from BSTFA) 364 [(81Br)M+, 10%], 362 [(79Br)M+, 10], 283 (M+ −
Br, 72), 73 (Me3Si, 100); (Found: M+ 217.9952; C8H11


79BrO2


requires 217.9942); >98% ee (Method A); CD k 218 nm (De 2.87),
283 nm (De 0.253).


cis-(1R,2R)-1,2-Dihydroxy-3-ethyl-6-iodocyclohexa-3,5-diene
9B. From substrate 9A (0.145 g, 51%); mp 42–44 ◦C (from
CHCl3); [a]D +1.7 (c 0.7, MeOH); m/z (EI) 266 (M+, 45%), 248
(M+ − H2O, 50), 121 (100); (Found: M+ 265.9804; C8H11IO2


requires 265.9804); >98% ee (Method A).


cis-(1S,2R)-1,2-Dihydroxy-3-ethyl-5-fluorocyclohexa-3,5-diene
10B. From substrate 10A (0.029 g, 6%), mp 58–60 ◦C (from
CH2Cl2–hexane); [a]D +99 (c 0.4, MeOH); (Found: C 61.1, H 7.2;
C8H11FO2 requires C 60.7, H 7.0%); m/z (EI) 258 (M+, 64%), 140
(74); >98% ee (Method A); CD k 212 nm (De −4.222), 279 nm (De
0.872).


cis-(1S,2R)-1,2-Dihydroxy-5-chloro-3-ethylcyclohexa-3,5-diene
11B. From substrate 11A (0.023 g, 5%); mp 48–50 ◦C (from
CH2Cl2–hexane), [a]D +13 (c 0.8, MeOH); (Found: C 55.0, H 6.0;
C8H11ClO2 requires C 55.2, H 6.4%); m/z (EI) 174 (M+, 4%), 156
(63), 141 (100); >98% ee (Method A); CD k 209 nm (De −3.855),
274 nm (De 1.238).


cis-(1S,2R)-1,2-Dihydroxy-5-bromo-3-ethylcyclohexa-3,5-diene
12B. From substrate 12A (0.014 g, 3%); mp 54–56 ◦C (from
CH2Cl2–hexane); [a]D −10 (c 0.6, MeOH); (Found: C 44.1, H 5.5;
C8H11BrO2 requires C 43.9, H 5.1%); m/z (EI) 200 (M+, 96%), 185
(100); >98% ee (Method A).


cis-(1S,2R)-1,2-Dihydroxy-4-fluoro-3-propylcyclohexa-3,5-diene
14B. From substrate 14A (0.080 g, 21%); mp 75–76 ◦C (from
CH2Cl2–hexane), [a]D +42 (c 1.1, MeOH); (Found: M+, 172.2006;
C9H13FO2 requires M+, 172.2060); m/z (EI) 172 (M+, 61%), 154
(18), 125 (60), 97 (100); >98% ee (Method A); CD k 206 nm (De
1.028), 288 nm (De 0.147).


cis-(1R,2R)-1,2-Dihydroxy-6-fluoro-3-propylcyclohexa-3,5-diene
15B. From substrate 15A (0.055 g, 18%), mp 66–67 ◦C (from
CH2Cl2–hexane); [a]D +120 (c 1.1, CHCl3); (Found: C 62.3, H
7.3; C9H13FO2 requires C 62.8, H 7.6%); m/z (EI) 172 (M+, 44%),
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154 (20), 125 (68), 112 (100); >98% ee (Method A); CD k 214 nm
(De −5.136), 272 nm (De 2.84).


cis-(1R,2R)-1,2-Dihydroxy-6-chloro-3-propylcyclohexa-3,5-diene,
16B. From substrate 16A (0.312 g, 32%); mp 91–92 ◦C (from
hexane); [a]D +45 (c 0.8, CHCl3); (Found: C 57.3, H 6.8;
C9H13ClO2 requires C 57.3, H 6.95%); >98% ee (Method A); CD
k 218 nm (De 1.235), 276 nm (De 0.572).


cis-(1R,2R)-1,2-Dihydroxy-6-bromo-3-propylcyclohexa-3,5-diene
17B. From substrate 17A (0.281 g, 40%); mp 93 ◦C (from
hexane); [a]D +68 (c 0.6, MeOH); (Found: C 46.2, H 5.5;
C9H13BrO2 requires C 46.4, H 5.6%); m/z (EI) 234 (M+, 4%), 232
(4), 216 (39), 214 (40), 187 (98), 185 (100); >98% ee (Method A);
CD k 215 nm (De 2.228), 277 nm (De 0.943).


cis-(1S,2R)-1,2-Dihydroxy-5-chloro-3-propylcyclohexa-3,5-diene
19B. From substrate 19A (0.014 g, 2%); mp 61–63 ◦C (from
CHCl3); [a]D +42 (c 1.2, CHCl3); (Found: M+, 188.0602;
C9H13ClO2 requires M+, 188.0604); m/z (EI) 190 (M+, 20%), 188
(55), 172 (65), 170 (78), 143 (100), 141 (8); >98% ee (Method A);
CD k 211 nm (De −4.458), 268 nm (De 2.021).


Benzylic alcohol bioproducts 10C–12C, 18C, 19C


All benzylic alcohol products were found to be spectroscopically
identical with literature data.


(R)-1-(3-Fluorophenyl)ethanol 10C. From substrate 10A
(0.017 g, 4%); [a]D +0.9 (c 0.8, MeOH) (lit.49 [a]D +38.5, MeOH);
2% ee (Method B).


(R)-1-(3-Chlorophenyl)ethanol 11C. From substrate 11A
(0.012 g, 6%); [a]D +1.1 (c 0.8, MeOH) (lit.50 [a]D +38.6, MeOH);
6% ee (Method B).


(R)-1-(3-Bromophenyl)ethanol 12C. From substrate 12A
(0.012 g, 6%); [a]D +4.8 (c 0.8, MeOH) (lit.51 [a]D +29, MeOH);
18% ee (Method B).


(R)-1-(3-Fluorophenyl)propanol 18C. From substrate 18A
(0.010 g, 3%); [a]D +24.8 (c 0.36, CHCl3); 94% ee (Method B).


(R)-1-(3-Chlorophenyl)propanol 19C (see ref. 52). From sub-
strate 12A (0.007 g, 1%); [a]D +7.0 (c 0.2, CHCl3) (lit.52 [a]D +31,
MeOH); 46% ee (Method B).
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Biaryls have been a persistent focus of interest for chemists since it was recognised, more than 80 years
ago, that they can manifest the axial chirality that is inherent in structures consisting of intersecting
dissymmetric planes. In recent decades their importance has risen steeply as this structural motif proved
spectacularly successful in catalytic synthetic roles and was found to be significant in the context of
biological activity. As a consequence, synthetic methods which allowed the construction of biaryls with
axial stereocontrol have become highly desirable, and this article traces the development of
non-resolution approaches to biaryls with a chosen axial configuration.


Introduction


Axially enantiopure biaryls are highly prized molecules. Pre-
eminent are the 2,2′-disubstituted 1,1′-binaphthyls typified by 1
and 2, whose properties have been widely exploited in synthetic,
materials and supramolecular chemistry.1 The key component of
such molecules, a conformationally restrained stereogenic axis,
can also be biologically important, there being a number of
compounds whose biological activity is dependent on such a
feature. In some of these the axis is the sole stereogenic element,
as in the case of (R)-(−)-deacetamidocolchicine 3 which, unlike
its mirror-image (atropisomeric) (S)-form, binds strongly to the
cellular protein tubulin.2 Alternatively, the axis may be one of
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a series of stereogenic elements whose interplay engenders a
complex conformational equilibrium within a molecule, as with
the glycopeptide antibiotic vancomycin 4 and related structures.3,4


The presence of a stereogenic axis within a target molecule
offers the same initial prospect as a stereogenic centre, namely the
potential doubling of the stereoisomer count for each uncontrolled
installation. In the context of central chirality, recent decades have
witnessed the development of many reliable methods for stereo-
controlled synthesis. Meanwhile the problem of axial stereocontrol
has offered some different challenges, one being the absence of
an axial equivalent of the ‘chiral pool’ from which prefabricated
stereogenic units might be redeployed for synthetic purposes.
Consequentially, classical resolution has remained an important
source of enantiopure biaryls and techniques for controlling
axial stereochemistry during their construction have emerged
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more slowly. Nevertheless, anyone intent on axially-controlled
(atroposelective) biaryl synthesis can now select from various
protocols, these being the fruits of much effort and ingenuity over
the last 25 years. The objective of this article is to examine some of
the developments over this period, and the coverage is illustrative
and selective rather than comprehensive. For the reader seeking the
latter, the excellent review by Bringmann et al.5 is recommended.


Non-catalytic intermolecular aryl–aryl coupling
reactions


In 1980 the long-established route to symmetrical biaryls via the
copper-mediated coupling of haloarenes (the Ullmann reaction6)
was modified by Miyano et al., who incorporated central
chirality into 1-bromo-2-naphthoates using chiral alcohols such
as (−)-menthol (Scheme 1).7 The diastereoselectivity that accom-
panied the conversion of 5 into the binaphthyl 6 set an important
precedent which was later exploited by Meyers and coworkers
using oxazoline moieties derived from chiral amino alcohols as
masked carboxylic acid groups. High selectivity proved possible
with this system, as illustrated by the conversion of 7 into 9
(Scheme 2)8 which can be directly compared to the result in
Scheme 1. The sense of induction leading to 8 was ascribed to the
intermediacy of a copper-containing complex, represented as 10,
that is sterically favoured over the corresponding (aR)-8 precursor.


Scheme 1 The first asymmetric Ullmann reaction.7


Scheme 2 Nelson and Meyers’ asymmetric Ullmann reaction.8


In applying the oxazoline-based Ullmann reaction to the
preparation of (S)-14, required for the synthesis of ellagitannins,


Nelson and Meyers observed high diastereoselectivity in the
homocoupling of the (S)-valinol derived oxazoline 12,9 but
discovered that the ratio of the two products (aS)-13 and (aR)-
13 only reached the maximum value (93 : 7) after a prolonged
reaction time (Scheme 3).10,11 After further experimentation it was
concluded that a thermodynamically-controlled resolution was
contributing to the observed selectivity, and that copper was an
essential component of the process. A model involving the copper-
assisted thermal equilibration of the atropisomeric forms of 13 was
proposed (Scheme 3, inset).


Scheme 3 Synthesis of the ellagitannin precursor (S)-14.9–11


In a more recent example of homocoupling followed by thermo-
dynamic equilibration, Kumadaki et al.12 prepared a series of 1,1′-
biaryl-2,2-dialkanols bearing perfluoroalkylated side-chains with
central chirality in the benzylic positions. In a typical sequence
(Scheme 4), the nickel-mediated homocoupling of the MOM-
protected bromoarene (R)-15 gave the diastereoisomeric biaryls
(aR)-16 and (aS)-16 in respective yields of 69 and 11%. Removal
of the protecting groups followed by heating at 110 ◦C resulted in
equilibration with convergence to the diol (aR)-17. The influence
of ortho-benzylic central chirality on the formation and stability of
unsymmetrical biaryl axes is a recurrent theme in their synthesis.
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Scheme 4 Nickel-mediated diastereoselective Ar–Ar homocoupling.12


While the Ullmann coupling and related reactions6 are useful
sources of symmetrical biaryls, they are intrinsically less effective
in the context of cross-coupling. Fortunately, by the 1980s various
strategies were available for effecting aryl–aryl cross-coupling
reactions using organometallic reagents as nucleophiles, and
these could be rendered diastereoselective by the inclusion of
homochiral components. Meyers and coworkers had established
that, in appropriate circumstances, the methoxyl group of a 2-(2-
methoxyaryl)oxazoline is activated towards nucleophilic displace-
ment by Grignard reagents, and were able to exploit this in biaryl
synthesis by including chirality in the oxazoline moiety as illus-
trated in Scheme 5.13 Contemporaneously the alternative strategy
of using a 2-(2-alkoxyaryl)oxazoline in which the departing alkoxyl
group contained the required chirality was investigated by Wilson
and Cram (Scheme 6).14 Both methods provided useful levels of
diastereoselectivity. The results in Scheme 5 were rationalised by
reference to intermediates of the forms 22 and 23, the rationale
being that the former benefits from the coordination of the extra
methoxyl group, but in the absence of this feature, the latter avoids
steric compression of the peri-hydrogen (H-8) of the Grignard
reagent. The results in Scheme 6 were rationalised on the basis
of similar models, viz. 27 and 28, but with the influence of the
substituents on the alkoxyl group superimposed as depicted.


Meyers’ cross-coupling method was also shown to be effective
with oxazolines derived from valinol, making it more convenient,
and the coordination model shown in Scheme 5 was probed in
studies involving various aromatic substrates. The results, shown
in Scheme 7,11,15 confirm that in the Mg-assisted couplings, the
electronic effect of an ortho-substituent is more influential than its
steric size. It is proposed that the reactions in Scheme 7 proceed


Scheme 5 Chiral oxazoline-mediated Ar–Ar cross-coupling.13


most readily via an intermediate complex 33, formed as a result of
the nucleophile avoiding the isopropyl group during the coupling
process and stabilised by coordination of the ortho-methoxyl
substituent as indicated. When the ‘R’ group can also coordinate
to Mg, the alternative pathway leading to the (aR)-atropisomer 32
becomes competitive. This methodology has proved of enduring
value, with applications that include a synthesis of the antileukemic
lignan (−)-steganone 34,16 and the preparation of a new series of
substituted 2,2′-binaphthyls 35 by Sargent and coworkers.17


The strategy of using a chiral nucleofugic group as a stereo-
control element (cf. Scheme 6) was extended by Miyano et al.,
who found that hindered ester groups were also able to activate
the desired aromatic nucleophilic substitution process without
themselves suffering attack by the Grignard reagent (Scheme 8).18
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Scheme 6 Chiral nucleofuge-mediated Ar–Ar cross-coupling.14


Catalytic atroposelective aryl–aryl homocoupling
reactions


In the context of symmetrical biaryls, the distinctive redox
properties of phenolic systems have allowed the development
of synthetic methods based on oxidative coupling, from which
have emerged various routes to BINOL 1 and its derivatives
via the catalytic asymmetric oxidative coupling of 2-naphthols.1f


The examples shown in Schemes 9 and 10 illustrate how oxygen
can be used as the stoichiometric oxidant in the presence of
a metal-based homochiral complex. The development of 1,5-
diazadecalin 39 as the source of chirality in the oxidative coupling
of 40 to (aR)-41 (Scheme 9) was described by Kozlowski and
coworkers.19 They proposed a mechanistic model based on the
dissymmetric shielding of the re-face of the intermediate radical
by the diamine unit, as depicted in 42, to account for their results.
In the equivalent vanadium-based oxidative couplings, two groups
used the amino acid-derived oxovanadium complexes 43 and 44
to generate a series of substituted binaphthols (Scheme 10). The
coupling of 45 proved efficient using either catalyst, although the
use of 43 gave (aR)-4620 whereas the use of 44 (3 mol%, 40–45 ◦C,
7 d) gave the atropisomer (aS)-46 (96% yield, 87% e.e.).21 It is
noteworthy that the catalyst 43 possesses a flexible biaryl axis,
which offers advantages under the principles of tropoisomerism.22


Scheme 7 Oxazoline-mediated synthesis of polymethoxylated biaryls.11,15


Scheme 8 Enantioselective biaryl synthesis from 2-menthoxybenzoates.18
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Scheme 9 Copper-mediated catalytic atroposelective coupling route
to 41.19


Scheme 10 Vanadium-mediated catalytic atroposelective coupling route
to 41.20,21


Catalytic atroposelective aryl–aryl cross-coupling
reactions


The area of unsymmetrical biaryl synthesis was given new impetus
with the emergence, during the 1970s, of a series of methods for
the cross-coupling of haloarenes with organometallic reagents
under transition-metal catalysis. The most enduring of these,
first described in 1982,23 is the combination of palladium as
the catalytic metal with an arylboronic acid or ester as the
organometallic reagent. Now known as the Suzuki–Miyaura
reaction,24 this rose to prominence as the method of choice for
biaryl synthesis because of its mildness, convenience and efficiency.
The reaction tolerates a broad range of functional groups, can
proceed in the presence of water, requires low catalyst loadings
and produces no toxic by-products.


A simplified Suzuki–Miyaura reaction sequence is shown in
Scheme 11. The cycle begins with step (i), the oxidative addition of
the haloarene 47 to the catalytic Pd(0) species 48 to produce a Pd(II)
intermediate 49. Step (ii) is the transmetallation of the arylboron
reagent 50, as the Nu-activated form 51, by the arylpalladium 49,


which gives a trans-diarylpalladium species 52. Step (iii) is the
isomerisation of trans-52 into cis-52 to set up step (iv), a reductive
elimination which gives the biaryl product 53 and regenerates the
catalyst 48.


Scheme 11 The key steps in the Pd-catalysed cross-coupling route to a
biaryl 53.


Key synthetic aspects of the reaction, in particular the effects of
substituents, have been widely investigated and new generations
of catalyst have been introduced in recent years.25 However, the
situation represented in Scheme 11 is rendered complex by the
superimposed effects of kinetics, thermodynamics and ligand
exchanges that may attend any step in the cycle using any particular
combination of reagents and solvents, so various mechanistic
issues remain under scrutiny. These include the effects of steric
bulk and electron donor capacity on the behaviour of ligands,26


the part played by base (Nu) in the sequence,27 and the detailed
mechanisms of oxidative addition28 and reductive elimination.29


Insight has been gained into the individual steps of the sequence
by synthesising some of the putative intermediates. In a recent
example, Osakada et al. prepared the cis-diarylpalladium com-
plex 54 via the transmetallation of (2,6-difluorophenyl)boronic
acid with 4-methoxyphenyl(iodo)Pd(TMEDA), and analysed the
kinetics of thermally-induced reductive elimination to the biaryl
55 (Scheme 12).30


Scheme 12 Direct biaryl formation via thermal reductive elimination.30


In principle, axis-selective Suzuki–Miyaura coupling is rendered
possible by the inclusion of chirality in one or both the reaction
partners, and Uemura and coworkers showed that the use of
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Scheme 13 Suzuki–Miyaura reactions of chiral tricarbonyl(arene)chromium complexes.31


planar-chiral haloarenes is a particularly effective way to exploit
this principle, as illustrated in Scheme 13.31 In this study it
was found that coupling 56 or 57 with the chromium complex
58 gave the axially complementary biaryls (aR)-59 and (aS)-
60 whose structures were confirmed via transformation into the
enantiomeric biaryls (−)-61 and (+)-61. The seemingly opposite
selectivity of the two coupling steps was rationalised by con-
sideration of the cis-diarylpalladium(II) intermediates (cis-52 in
Scheme 11) that might be involved. Of the possible structures,
62 has the R-group oriented syn to the less bulky (S) group
and the tricarbonylchromium group anti to the nearest PPh3


group (Scheme 13, inset). Reductive elimination, expected to be
rate-determining, can proceed most readily through 62 if the R-
group rotates toward the Cr(CO)3 moiety and the H-atom rotates
towards the proximal PPh3 group, thereby avoiding non-bonding
interactions between the latter and the R-group and producing
63; the formation of 59 is consistent with this rationale. The
formation of 60 from the reaction of 57 with 58 can be attributed
the isomerisation of the product 59 into the more stable 60 in which
the R and (tricarbonyl)chromium groups are apart. The barrier to


this type of isomerisation is significantly lower in the case of R =
CHO. Uemura’s methodology has since been adapted for use in
approaches to biaryl natural products such as (−)-steganone 34.32


Catalysed cross-coupling between reaction partners with exist-
ing central chirality is a potentially common scenario in the syn-
thesis of atropisomeric natural products, but a pair of fragments
may not be predisposed towards coupling in the desired sense.
One way to cope with this situation is to equip one of the coupling
partners with an ‘internal ligand’ that can direct the coupling
reaction. The viability of this strategy was illustrated by Lipshutz
and Keith as they sought a route to the alkaloid korupensamine
A.33 The key coupling step (Scheme 14) involved the haloarene 64,
in which a 2-(diphenylphosphino)benzoate group served as the
directing ligand, and the boronate 65. The reaction, carried out
in the presence of PdCl2(dppf) and 2,6-di-t-butyl-4-methylphenol
(BHT), gave the atropisomer 67 exclusively. This outcome can
be rationalised on the basis of an intermediate diarylpalladium
species 68 (Scheme 14, inset), through which reductive elimination
to give 67 can occur with the bulk of the naphthalene moiety and
the dppf ligand 66 kept apart throughout.


Scheme 14 Suzuki–Miyaura coupling with intramolecular phosphine coordination.33
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Intramolecular coordination to palladium has also been in-
voked as a control element in atroposelective arylations of
haloarenes bearing heteroatom-substituted o-alkyl groups. For
example, Baudoin et al. found that the 1-(o-iodoaryl)ethanol 69
reacted with the pinacol boronate 70 (R = TES) to give the
corresponding biaryl 72 with essentially complete axis control
(Scheme 15).34 The sense of the selectivity, which was lower when
less bulky R groups were used, is consistent with reaction via a
diarylpalladium species 73, in which the methyl group of the Pd-
coordinated hydroxyethyl side-chain avoids a steric clash with the
CH2OR group of the other aryl substituent. In a parallel study,
Broutin and Colobert observed coordination effects involving
both the alpha (benzylic) and beta positions of the o-alkyl side-
chain of the haloarene (Scheme 16).35,36 Thus, coupling iodoarenes


Scheme 15 Suzuki–Miyaura coupling of (2-iodoaryl)ethanol deri-
vatives.34


Scheme 16 Suzuki–Miyaura coupling of substituted (2-iodoaryl)ethanol
derivatives.35,36


74 with the naphthylboronic acid 75 gave the biaryls 76 in good
yield but with levels of atroposelectivity that varied with the
coordinating ability of the R group, suggesting the participation
of intermediates of the form 77. The sulfoxide 74 (R = SOpTol)
possesses two stereogenic centres, and it was found that the
coupling atroposelectivity was much lower (10% d.e.) with the C-
1′(S) epimer than with the corresponding sulfone 74 (R = SO2pTol)
(70% d.e.), indicating that the benzylic stereochemistry was the
dominant factor in this case.35


Aryl–aryl cross-coupling using homochiral catalysts


In 1988 Hayashi and coworkers set a formidable standard for cat-
alytic atroposelective cross-coupling of haloarenes and arylmetals.
Their system is illustrated in Scheme 17 with the coupling of 78 and
79 using a nickel catalyst derived from the ferrocenylphosphine
ligand 80, which gave the binaphthyl (R)-81 (95% e.e.).37 The
phosphine ligand 80, which could be recovered from the reaction
and reused, incorporated an alkoxy group that proved essential
for high selectivity. This was attributed to its ability to coordinate
to magnesium during the formation of a diarylnickel species via a
transmetallation step equivalent to (ii) in Scheme 11.


Scheme 17 Asymmetric catalysis of Ar–Ar cross-coupling.37


Homochiral ligands were later used to control the atropos-
electivity of diastereoselective Suzuki–Miyaura reactions (i.e.,
those in which central chirality is present in one or both of the
coupling partners). For example, in the course of their studies
directed towards the total synthesis of vancomycin 4, Nicolaou
and coworkers found that the Pd-catalysed coupling of 82 and
83 in the presence of (S)-BINAP 1 gave the biaryl 84 with high
atroposelectivity (Scheme 18).38 No axial selectivity was observed
using triphenylphosphine as the added ligand, indicating that the
reaction was devoid of any bias due to the central chirality in 83.


Recent studies have revealed the potential for interplay between
catalyst structure and pre-existing central chirality in Suzuki–
Miyaura reactions. The coupling of 85 and (S)-86 was carried out
in the presence of different stereoisomers of the ligands 1 and 87–
89, and in all cases the presence of the homochiral ligand favoured
the formation of the biaryl (aR)-90 (up to 50% d.e.) (Scheme 19).39


It is intriguing that each enantiomer of 1 and 89 should favour
the same (aR) sense of coupling, and that no ligand was able to
reinforce the existing predisposition towards pro-(aS) coupling (cf.
entry 9) under the conditions used. Moreover it was shown that
the atroposelectivity of Suzuki–Miyaura coupling reactions can
be reversed by changing the ligand–palladium ratio.40
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Scheme 18 Atroposelective catalysis of Suzuki–Miyaura coupling using
BINAP 1.38


The first examples of asymmetric Suzuki–Miyaura cross-
coupling of achiral aryl reagents, utilising 8941 and 9142 as the
respective catalytic ligands, were reported in 2000, and a variety
of alternative ligands such as 92,43 9343 and 9444 have also been
screened as catalysts since then.


Cammidge and Crépy screened twelve ligands, including amines
and P-chiral phosphines, and a variety of reaction conditions for
the synthesis of binaphthyls, obtaining their best result using the
ligand 89 (Scheme 20).41 They also made some mechanistically in-
triguing observations, e.g. that the predominating atroposelectivity


Scheme 19 Atroposelection with interplay of catalyst structure and steric
predisposition.39


can be inverted by changing the boronate ester from the ethylene
glycol derivative 96a to the corresponding pinacol derivative 96b,
which contributes to the evidence for transmetallation being the
critical step as far as asymmetric induction is concerned. Yin
and Buchwald prepared a series of hindered binaphthyl-derived
ligands and found optimum coupling conditions (solvent, base,
etc.) with 91 in combination with Pd2dba3 at low catalyst loadings
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Scheme 20 Asymmetric biaryl coupling using the ligand 89.41


(Scheme 21).42 Later studies along similar lines led to the new
ferrocenylphosphine ligands 92 and 93 (Scheme 22)43 and the use
of a cationic palladium species derived from (S)-Cy-BINAP 94 as
a catalyst (Scheme 23).44


Scheme 21 Asymmetric biaryl coupling using the ligand 91.42


Scheme 22 Asymmetric biaryl coupling using the ligands 92 and 93.43


In their preparation of an analogue of the tubulin-binding agent
rhazinilam, Baudoin and coworkers screened several Suzuki–
Miyaura catalysts for use in coupling 104 with 105, and obtained
a useful result with the Yin–Buchwald system, which gave the
desired biaryl 106 with 40% e.e. (Scheme 24).45 They suggested
that the sense of induction observed in this reaction was com-
patible with the participation of a five-membered palladacycle
intermediate 107, which could be formed with minimised steric
interactions between the substituents both before and during the
transmetallation step leading to it. Crystallographic evidence for


Scheme 23 Asymmetric biaryl coupling using a cationic Pd complex.44


Scheme 24 Synthetic application of the catalyst 91.45


bonding of the type shown in the palladacycle ring of 107 was
originally obtained by Kocovsky and coworkers.46


Tether-controlled intramolecular aryl–aryl coupling


Various aryl–aryl coupling methods have been adapted for atro-
poselective biaryl synthesis based on the use of chiral tethers of
different lengths to link the reacting aryl groups. In a study directed
towards the synthesis of vancomycin 4, Evans and coworkers
provided a graphic demonstration of how differences in the
structure of the tethering chain could affect the outcome of an
aryl–aryl coupling, in this case one involving the closure of a
12-membered ring (Scheme 25).47 Although the two substrates
108 and 109 differ in configuration at only one stereogenic centre,
they undergo vanadium-catalysed oxidative coupling with high but
opposite atroposelectivity. The minimisation, during ring closure,
of A(1,3) strain between the acetamido and nearby methoxyl groups
probably accounts for this selectivity.


Lipshutz and coworkers also used a tether strategy to close
an eight-membered ring using the nickel-based coupling process
shown in Scheme 26.48 The tether connecting the two iodoaryl
rings in 112 was derived from 1,4-di-O-benzyl-D-threitol.


The palladium-mediated closure of a seven-membered ring
was used by Kündig and coworkers to prepare the axially- and
centrally-chiral azepine 115 from the bis(aryltriflate) 114 via an
intramolecular Stille coupling process (Scheme 27). The corre-
sponding meso-amine was prepared using a similar sequence.49
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Scheme 25 Atroposelective closure of twelve-membered rings.47


Scheme 26 Atroposelective closure of an eight-membered ring.48


Scheme 27 Atroposelective closure of a seven-membered ring.49


Various groups have successfully combined the use of copper-
mediated oxidative coupling of iodoarenes with tether-controlled
atroposelection. For example the diether 116, prepared from
(R,R)-pentane-2,4-diol, was atroposelectively transformed into
117 via sequential iodine–lithium exchange, cupration and oxi-
dation steps (Scheme 28).50 A similar coupling procedure has been
adapted by Schreiber and coworkers for the synthesis of biaryls
incorporating nine- and ten-membered rings, based on the use of
starting materials with tethers derived from readily-available chiral
amino alcohols (Scheme 29).51,52


Scheme 28 Atroposelective closure of a nine-membered ring.50


Scheme 29 Atroposelective closure of a ten-membered ring.51


In an extension of their use of threitol-derived tethers to control
aryl–aryl coupling reactions, Lipshutz and coworkers prepared
the bis(naphthyl ether) 120 using a chiral tether derived from
(E)-3-hexene-1,6-dioic acid via asymmetric dihydroxylation, and
effected its intramolecular oxidative coupling to 121 using cop-
per(II) chloride in the presence of racemic a-methylbenzylamine
(Scheme 30).53 The product 121 has the same core as the versatile
ligand 2-amino-2′-hydroxy-1,1′-binaphthyl (NOBIN).1e


Dynamic atroposelective convergence of pre-formed
biaryls


As an alternative to the various atroposelective aryl–aryl coupling
routes to enantiopure biaryls, the strategy of starting with a ready-
made biaryl and converging to a single atropisomer has much to
commend it, especially if the ultimate source of chirality is used
in catalytic, rather than stoichiometric, quantities. Such a system
has been developed and refined by Bringmann and coworkers,
based on the dynamic kinetic resolution of 1,1′-biaryls which
incorporate a 2,2′-lactone bridge. The principles and practice of
Bringmann’s ‘lactone’ method have been thoroughly reviewed,5,54


and two examples are provided here.
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Scheme 30 Tethered phenolic oxidative aryl–aryl coupling.53


The essential features of the method are illustrated by the
reduction of the bridged biaryl lactone 122 using the
oxazaborolidine–borane reagent (S)-123 (Scheme 31).55 The biaryl
axis of the lactone 122 is not configurationally stable, the com-
pound existing as a mixture of rapidly interconverting non-planar
stereoisomers (aR)-122 and (aS)-122. The MM2-minimised
structure of (aR)-122 (Scheme 31, inset) reveals the degree
of twist in the lactone moiety. Because the reducing agent
(S)-123 is homochiral, the transition states for the reduction of the
interconverting forms of 122 are diastereoisomeric and dynamic
kinetic resolution is possible. The isomer (aR)-122 is reduced
much more rapidly than (aS)-122, bringing about the observed
convergence to (aR)-124, which is configurationally stable.


Scheme 31 Enantioselective reduction of the lactone 122.55


Many biaryl natural products incorporate carbon and oxygen
substituents adjacent to the aryl–aryl link, and the lactone method
can be a particularly convenient source of atropisomerically pure


precursors. For example, the synthesis of a masked AB-biaryl
fragment of vancomycin 4 was carried out as in Scheme 32.56


The lactone 125 was configurationally unstable, and could be
reduced with high selectivity to 126, in which the chlorine atoms
served to stabilise the axis. The structure of 126 was confirmed
by dechlorination to 127, which was configurationally labile but
sufficiently long-lived for confirmation of its identity. This route
to the vancomycin biaryl provides an interesting comparison with
alternative cross-coupling strategies (cf. Schemes 18 and 25).


Scheme 32 Application of Bringmann’s lactone method in the vanco-
mycin series.56


Another dynamic kinetic resolution process has developed
by Hayashi and coworkers, who have shown that axially chiral
biaryls are accessible via the nickel-catalysed cross-coupling of
substituted dibenzothiophenes with organomagnesium reagents
in the presence of a chiral ligand.57 In the example shown in
Scheme 33, an excellent yield of the binaphthyl (S)-129 is obtained
by treating the dinaphthothiophene 128 with p-tolylmagnesium
bromide in the presence of 0.03 equivalents of a nickel-phosphine
complex generated in situ from bis(1,5-cyclooctadiene)nickel(II)
and the oxazoline ligand (S)-130. The reaction is presumed to
involve the intermediate formation of a pair of nickelacycles 131,
which are configurationally unstable and in dynamic equilibrium
(as with the lactone 122). The diastereoisomeric nature of these
intermediates allows the addition of the organomagnesium reagent
(transmetallation) to proceed with dynamic kinetic selectivity


Scheme 33 Nickel-catalysed asymmetric cross-coupling of a dinaphtho-
thiophene.57
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which, under the conditions shown, favours reaction via the
atropisomer (S)-131. The stereochemical outcome of this type
of reaction is dependent on the organomagnesium reagent used,
indicating that stereoselection occurs during or after the transmet-
allation event.57


Two other convergence strategies for biaryl axis control,
both extensions of the chiral tether principle discussed earlier,
have been introduced. The first of these, desymmetrisation, is
illustrated by another application of the threitol unit which
featured in Scheme 26. Harada and coworkers desymmetrised
the prochiral tetrahydroxybiaryl 132 by sequential etherification
with 1,4-O-dibenzyl-L-threitol 133 under Mitsunobu conditions
(Scheme 34).58 The product 134 can be transformed into a
variety of functionalised biaryls by further manipulation of the
phenolic hydroxyl groups. A second convergence method is axis
induction via the formation of fused oxazolidine lactams.59,60 The
condensation of ester–aldehyde 135 with an amino alcohol (S)-
136 under dehydrating conditions gives the corresponding fused
lactam 137 in which the chirality of 136 is relayed to the biaryl
axis via the newly-generated benzylic stereocentre (Scheme 35).59,61


On treatment with acid, the lactams 137 undergo equilibration
with the less strained diastereisomers 138, the benzylic centre-axis
complementarity being fully maintained. The lactam method was
used by Levacher and coworkers to prepare some novel fused
biaryls, e.g. the 2-(1-naphthyl)pyridine derivative 139.60 Methods
for manipulating lactams of the form 137 with retention of
the axial chirality are under investigation61 and an alternative
procedure for lactam formation is available.62


Scheme 34 Desymmetrisation of 2,2′,6,6′-tetrahydroxybiphenyl.58


Scheme 35 Formation and equilibration of fused biaryl lactams.59,61


Biaryl synthesis using atroposelective annulation
sequences


Several groups have developed methods for the construction of
one of the aromatic rings of a biaryl via an annulation sequence
with provision for control over the final axial configuration
of the product. Some of these approaches are illustrated in
Scheme 36–40.


Scheme 36 A [2 + 2 + 2] cycloaddition approach to (−)-steganone 34.63


Scheme 37 Biaryl synthesis via rhodium-catalysed asymmetric
cross-cyclotrimerisation.64


Scheme 38 Allocolchicinoids via chirality transfer benzannulation.65
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Scheme 39 Biaryl synthesis via diastereoselective benzannulation.66


Scheme 40 Biaryl synthesis via chirality exchange benzannulation.67


An atroposelective cycloaddition approach to the nucleus of
(−)-steganone 34 was devised by Motherwell and coworkers.63


The key step (Scheme 36) was the cobalt-mediated [2 + 2 + 2]
cycloaddition of bis(trimethylsilyl)ethyne to the tethered 1,9-diyne
140 which incorporated the necessary functionality and central
chirality for elaboration to the target natural product. The product
141, obtained in 19% yield, possessed the required (aR)-configured
biaryl axis.


In more recent work, Tanaka and coworkers developed an
asymmetric catalytic cross-cyclotrimerisation process that pro-
vides 1,1′-biaryl-2,3,4,5-tetracarboxylates with optical purities of
up to 96%.64 In a typical example (Scheme 37), the catalyst is
0.05 equivalents of a cationic rhodium(I) species incorporating
the octahydro-BINAP ligand (S)-144.


The deployment of Fisher carbene complexes in benzannulation
processes has also been modified for use as a source of axially-
chiral biaryls. Efficient central-to-axial chirality transfer was
observed during the construction of a series of allocolchicinoid
structures, as illustrated in Scheme 38.65 The allylic stereocentre
in the carbene complex 146, destined to become the benzylic
stereocentre in the products 147 and 148, appears to control
the axial selectivity during the annulation process, which leads to
only two of the four possible diastereoisomeric products. Similar
sequences using the regioisomeric starting materials 149 proceeded


with similar chemical efficiency but with only moderate diastereos-
electivity. In complementary study, Anderson et al. examined the
effect of a stereogenic centre at the ortho (benzylic) position in the
arylalkyne component of Dötz-type benzannulations.66 Reaction
of the silyl ethers 150 with the carbene complex 151 followed by
oxidation gave the quinones 152 with moderate diastereoselectivity
that was shown to be kinetic in origin (Scheme 39). The results
suggest that increasing the steric bulk of the substituent benefits
atropisomer selectivity at the expense of annulation efficiency, and
that the situation is finely balanced.


Another method for controlling the axial configuration of a
biaryl through atroposelective aromatic ring synthesis is illustrated
in Scheme 40.67 The Lewis acid-induced ionisation of 153 initiated
an intramolecular cyclisation of the Friedel–Crafts type, leading
to the arylnaphthalene (aR)-154 with essentially complete atro-
poselectivity. None of the source (sp3) chirality in 153 features in
the product 154, making the underlying strategy one of exchange
rather than transfer. The reaction is believed to involve the initial
chelation of the titanium reagent to the oxygen and nearby chlorine
of the cyclopropyl unit as shown in 155, with A(1,3) strain being
minimised by the orientation of the methyl group (arrowed) away
from the oxygen atom. The intermediate cation 156 develops and
cyclises via this arrangement, which is stabilised by conjugation
between the cyclopropylmethyl cation and the phenyl (A) ring.
With other substituents in the aryl rings the reaction invariably
gave a single biaryl atropisomer formed via cyclisation through the
‘A’ ring, as in Scheme 40, indicating that the chelation of titanium
to oxygen and chlorine is a dominant feature of the mechanism.


Conclusions


The widespread interest in various theoretical, structural, syn-
thetic and biological facets of biaryl chemistry should guarantee
the status of this type of molecule, for the foreseeable future, as
a primary target for the development of synthetic methodology.
New methods will ideally provide access to working quantities of
polyfunctional materials of any desired structure with complete
control over axial configuration. Tracing the developments in this
area over several years reveals that diversity has been paramount
in bringing about the current state of the art and, naturally,
this will continue. In an evolutionary sense, one can speculate
that cross-coupling routes to chiral biaryls using chiral biaryl
catalysts will prove particularly significant, bringing the possibility
of autocatalysis a step closer. But only time will tell, the one
certainty being that, in the expanding context of biaryl chemistry,
there will be no shortage of challenges for chemists.
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1724 (erratum: A. N. Cammidge and K. V. L. Crépy, Chem. Commun.,
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56 G. Bringmann, D. Menche, J. Mühlbacher, M. Reichert, N. Saito, S. S.


Pfeiffer and B. H. Lipshutz, Org. Lett., 2002, 4, 2833–2836.
57 Y.-H. Cho, A. Kina, T. Shimada and T. Hayashi, J. Org. Chem., 2004,


69, 3811–3823.
58 T. M. T. Tuyet, T. Harada, K. Hashimoto, M. Hatsuda and A. Oku,


J. Org. Chem., 2000, 65, 1335–1343.
59 D. J. Edwards, R. G. Pritchard and T. W. Wallace, Tetrahedron Lett.,


2003, 44, 4665–4668.
60 M. Penhoat, V. Levacher and G. Dupas, J. Org. Chem., 2003, 68, 9517–


9520.
61 D. J. Edwards, S. J. Stone and T. W. Wallace, unpublished results.
62 M. Penhoat, S. Leleu, G. Dupas, C. Papamicaël, F. Marsais and V.
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A series of cationic porphyrins carrying 1–3 meso-N-pyridinium groups has been synthesised, and their
binding to G-quadruplex DNA has been explored by surface plasmon resonance (SPR) and circular
dichroism spectroscopy. Two trans substituents appear to be sufficient for tight binding; preferential
binding to the anti-parallel intramolecular human telomeric DNA was observed for the A2 trans and A3


porphyrins. The A2 trans is able to induce the formation of an anti-parallel G-quadruplex in a K+ free
solution, mimicking the effect of a molecular chaperone.


Introduction


Intramolecular G-quadruplexes are four stranded DNA sec-
ondary structures formed by G-rich DNA sequences containing
four tracks of at least two consecutive guanines.1 In the presence
of monovalent cations (preferentially K+), the tetrads of hydrogen
bonded guanines are held together by C=O · · · M+ and p–p
or hydrophobic interactions. During the past decade, there has
been growing interest in the structure, recognition and function
of intramolecular G-quadruplexes. The best studied example is
the human telomeric DNA quadruplex that leads to inhibition
of telomere extension by telomerase, an enzyme active in most
cancer cells.2–4 Recently, a large number of putative quadruplex
forming sequences have also been identified throughout the human
genome.5 A few examples of quadruplexes located in the promoter
regions of oncogenes have been postulated to act as regulator
elements controlling the level of expression of these genes.6–9


There is now considerable interest in designing new quadru-
plex binding ligands as effective therapeutic agents. Most of
the molecules reported to date contain extended aromatic
surfaces with flat ring systems and are believed to inter-
act with the external tetrad of the quadruplex.10,11 Tetra-N-
methylpyridiniumporphyrin, H2-TMPyP4, was previously re-
ported to bind to the intramolecular human telomeric quadruplex
with low micromolar affinity.12,13 More recently it was also shown
to bind to other quadruplexes with similar affinities.14 A number
of tetra-substituted porphyrins have been designed to target
quadruplex DNA.15,16 Herein, we describe the synthesis and
quadruplex binding affinities of new mono-, bi-, and tri-meso sub-
stituted porphyrins in an attempt to define the requisite structural
features.


Results and discussion


In order to determine what structural changes to the substitution
pattern of H2-TMPyP4 can be tolerated, four porphyrins (A1, A2
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cis/trans and A3. Fig. 1) lacking meso substituents were prepared.
These porphyrins systematically vary the number and position
of N-methylpyridinium groups. The synthesis of A2 trans was
previously reported by R. K. Wall et al. in very low yields,17 but A1,
A2 cis and A3 have not been previously reported. All porphyrins
were synthesised by rational methods, mainly by the MacDonald-
type of dipyrromethane coupling,18 as outlined in Scheme 1.
The trifluoroacetic acid (TFA) catalysed condensation of 1 with
2,2′-dipyrromethane 2 in THF yielded 4-pyridylporphyrin 3 (7–
10% after purification by chromatography). In order to obtain
the 5,15-di(4-pyridyl)porphyrin 7, 5-(4-pyridyl)dipyrromethane 5
was reacted with trimethyl orthoformate 6 in the presence of
catalytic amount of trichloroacetic acid (TCA) under a nitro-
gen atmosphere for 4 h, followed by the addition of pyridine
and further stirring for 12 h. Purification was carried out by
column chromatography giving 9% of porphyrin. The 5,10-
di-(4-dyridyl)porphyrin 11 was obtained by the condensation


Fig. 1 Structure of the four N-methylpyridinium porphyrins used in this
study (A1, A2 cis, A2 trans, A3).
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Scheme 1 Synthetic pathways for the synthesis of the A1, A2 cis/trans
and A3 porphyrins. i) THF, N2(g) and TFA. After 1 h of reaction DDQ
was added. ii) CH3I in DMF. iii) DCM, TCA, N2(g) and after 4 h pyridine
was added. iv) DCM, TFA under N2(g). v) DCM, TCA under N2(g). After
4 h pyridine was added, followed by DDQ after 3 h.


of tripyrromethane 9 with 2,5-bis(hydroxymethyl)pyrrole 10 in
DCM, under nitrogen atmosphere catalysed by TFA and purified
by column chromatography (3%). The condensation of 5-(4-
pyridyl)dipyrromethane 5 with trimethyl orthoformate 6 and with
pyridine-3-carboxaldehyde 13, was carried out at room temper-
ature under nitrogen atmosphere and catalysed by TCA, giving
after column chromatography purification three porphyrins: 5,15-
di(4-pyridyl)porphyrin 7, tetrapyridylporphyrin, and the desired
5,10,15-tri(4-pyridyl)porphyrin 15 with a 0.8% yield.


The quaternisation of the pyridyl groups was achieved by methy-
lation with iodomethane in DMF at 40 ◦C yielding quantitatively


the final A1, A2 cis/trans and A3 porphyrins without need for
further purification.


To improve the solubility of porphyrins A1 and A2 cis/trans
in water, an anion exchange from iodide to chloride was carried
out. While this approach was successful for A2 cis/trans, the water
solubility of A1 as either an iodide or chloride salt was too poor
to allow DNA binding studies.


The binding of the four porphyrin derivatives A2 cis, A2


trans, A3 and H2-TMPyP4 (control porphyrin) to duplex (5-
biotin-[GGCATAGTGCGTGGGCGTTAGC]-3 hybridised with
its complementary sequence) and quadruplex DNA (5-biotin-
[GTTA(GGGTTA)4GG]-3) was investigated using surface plas-
mon resonance (SPR), allowing binding events to be monitored
in real time, without the use of labels (example shown in Fig. 2).19


The results are summarised in Table 1.


Fig. 2 Sensorgram overlay obtained for 6 different concentrations of the
A2 trans porphyrin (6.25, 3.12, 1.56, 0.78, 0.39, 0.20 lM, top to bottom)
binding to the human telomeric quadruplex and the corresponding binding
curve obtained using the BIAeval software (BIAcore).


As shown previously with tetrasubstituted porphyrins,19 all new
porphyrins we tested have similar affinities for duplex (data not
shown) and quadruplex DNA. However the number of peripheral
meso pyridinium groups and their location proved to be important
for good binding. The A2 trans porphyrin presents the lowest
dissociation constant (KD = 0.83 ± 0.10 lM), comparable to that
obtained for H2-TMPyP4 (KD = 0.63 ± 0.08 lM). The porphyrins
A2 cis and A3 show significantly weaker binding (KD values of
18.9 ± 2.80 lM and 5.88 ± 0.90 lM respectively) (Table 1). These


Table 1 Dissociation constants (KD) of H2-TMPyP4 (control porphyrin),
A2 cis, A2 trans and A3 porphyrins to quadruplex DNA. The SPR
experiments were carried out in 50 mM Tris·HCl pH 7.4, 100 mM KCl
using a streptavidin functionalised chip on a Biacore 2000 SPR biosensor


Porphyrins KD/(lM)


H2-TMPyP4 0.63 ± 0.08
A2 cis 18.90 ± 2.80
A2 trans 0.83 ± 0.10
A3 5.88 ± 0.90
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results indicate that two pyridinium substituents can be sufficient
for quadruplex recognition as long as they are trans orientated to
each other. Any other combination of less than four pyridiniums
seems to significantly reduce quadruplex binding. This trans
substitution pattern is comparable in geometry to other reported
quadruplex binding platforms (e.g. 3,6-disubstituted acridines)
that simultaneously target the external guanine and two opposite
grooves.20


It is noteworthy that all these porphyrins seem to bind to the
quadruplex structure with a high stoichiometry. Similar results
have been observed by others using SPR and other techniques.12,16


The concentrations of porphyrin required to run SPR exper-
iments are below those leading to self aggregation (<2 lM).
This value was obtained by running Beer–Lambert aggregation
experiments (data not shown). Hence, self aggregation of the
porphyrins appears to occur after binding to G-quadruplex
DNA. This aggregation phenomenon has also been described for
H2-TMPyP4 complexes with G-quadruplex; again it was reported
that this porphyrin exists as a monomer in water even in the
presence of concentrated inorganic salts.21–23


The human telomeric DNA can exist as a mixture of the parallel
and anti-parallel G-quadruplex conformations when in a K+


solution.24–26 In order to investigate if the porphyrins were selective
for any particular G-quadruplex conformation, circular dichroism
(CD) experiments were performed. Those experiments were car-
ried out on the 5-GGATTGGGATTGGGATTGGGATTGGG-3
(Htelo) DNA sequence, which was previously annealed in a 50 mM
Tris·HCl pH 7.4, 150 mM KCl buffer. The CD spectra of 10 lM of
Htelo quadruplex showed significant changes when in the presence
of 15 equivalents of the A2 trans and the A3 porphyrin (Fig. 3).
It was observed that those two porphyrins prefer the anti-parallel
conformation which is indicated by the characteristic positive peak
near 295 nm.24 On the other hand, the A2 cis porphyrin did not
seem to alter the CD spectra of the G-quadruplex significantly,
suggesting no specific preference for any of the two conformations,
supporting the SPR results.


Fig. 3 CD spectra of 10 lM of Htelo quadruplex (solid line) in the
presence of 15 equiv. of: A2 trans (short dash dotted line); A3 (dotted line);
and A2 cis (dashed line). Measurements were carried out at 20 ◦C in a
50 mM Tris·HCl pH 7.4, 150 mM KCl buffer.


It was also of interest to investigate if the porphyrins could
induce the formation of a G-quadruplex in a K+ free buffer with
non-annealed Htelo DNA. The A2 trans was the only porphyrin
that clearly could achieve this: CD spectra show the suppression


of the 255 nm positive peak of the non-annealed Htelo (solid
line) in favour of the positive peak around 290 nm of the anti-
parallel G-quadruplex conformation (dotted line) (Fig. 4). A clear
isoelliptic point at around 270 nm suggests a transition between
two conformation states upon addition of the porphyrin.


Fig. 4 CD spectra of 10 lM of non-annealed Htelo in a 50 mM Tris·HCl
pH 7.4 buffer (solid line) in the presence of 2.2 equiv. (dashed line) and 12
equiv. (dotted line) of A2 trans.


Conclusions


A series of porphyrins systematically lacking meso pyridinium
substituents has been synthesised and their binding to telomeric G-
quadruplex was assessed by SPR and CD spectroscopy. According
to the SPR results two meso substituents in a trans orientation
proved to be sufficient for tight quadruplex binding. Both A2 trans
and A3 porphyrins showed preferential binding to the anti-parallel
conformation of the intramolecular human telomeric quadruplex,
and the A2 trans is capable of acting as a molecular chaperone by
inducing the formation of the anti-parallel G-quadruplex in a K+


free buffer.


Experimental
1H NMR spectra were recorded on Bruker DPX 400 and DRX
500 instruments, whilst 13C spectra were collected on a Bruker
DRX 500, equipped with a Cryopobe. Chemical shifts are quoted
in parts per million; J-values are in Hz. Exact mass spectra
were recorded on a Waters-LCT Premier-time of flight mass
spectrometer. UV-Vis spectra were recorded on a HP 8452A Diode
Array UV-Vis spectrophotometer. Circular dichroism experiments
were performed on a JASCO model J-810 circular dichroism
spectrapolarimeter equipped with a Peltier temperature controller.
Preparative thin layer chromatography were carried out on Kiesel-
gel 60 F254 (Merck) 0.2 mm plates. The porphyrin precursors were
visualised by UV-visible absorption (245–365 nm). Flash column
chromatography was carried out using Kieselgel 60 (Merk) 230–
400 mesh and distilled solvents. Pyrrole was distilled before use
and all other chemicals were purchased as reagent grade, being
used without any further purification.
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1,9-Diformyl-5-(4-pyridyl)dipyrromethane


Vilsmeier reagent was prepared by adding POCl3 (32 mmol,
3.0 mL) drop wise under N2 to DMF (20 mL) at 0 ◦C. 5-(4-
pyridyl)dipyrromethane 527(1.0 g, 4.5 mmol) was dissolved in
DMF (15 mL) under N2 and the solution was cooled to 0 ◦C. To
this stirred solution was added drop wise the Vilsmeier reagent
(7.7 mL, 10.8 mmol) and the mixture was stirred at 0 ◦C for 1.5 h.
Saturated aqueous sodium acetate solution (50 mL) was carefully
added and the mixture was stirred for 4 h at room temperature.
The solution was extracted three times with ethyl acetate, the
extracts were washed with brine and water, dried over Na2SO4


and evaporated in vacuo to give a brown oil. This was purified by
flash chromatography (silica: eluted initially with chloroform, then
gradually increasing to chloroform–methanol 10 : 1) to give after
evaporation of the solvent in vacuo, 58% (729 mg) of diformylated
dipyrromethane. 1H NMR (500 MHz, CDCl3), d = 11.10 (br s,
2H), 9.16 (s, 2H), 8.51 (d, J = 6.1 Hz, 2H), 7.20 (d, J = 6.1 Hz,
2H), 6.85–6.86 (m, 2H), 6.03–6.04 (m, 2H) and 5.58 (s, 1H) ppm.
13C NMR (500 MHz Cryo, CDCl3), d = 179.3, 150.1, 148.4, 139.9,
133.0, 123.6, 122.4, 111.9 and 43.8 ppm. Exact mass: calculated:
280.1086; found: 280.1088 (M + H+).


4-Pyridylporphyrin 3


To a stirred solution of 1,9-diformyl-5-(4-pyridyl)dipyrromethane
(165 mg, 0.59 mmol) in THF–methanol (10 : 1, 30 mL) was added,
under N2, NaBH4 (0.46 g, 11.8 mmol) in small portions (every
2 min). After 40 min at room temperature, the reaction mixture
was poured into a mixture of saturated aqueous ammonium
chloride and chloroform (1 : 1, 50 mL). The organic phase was
isolated, washed with water (2 times) and dried. The solvent was
evaporated in vacuo. The residue was immediately dissolved in
acetonitrile (56 mL), 2,2′-dipyrromethane 228 (86.2 mg, 0.59 mmol)
was added. The resulting mixture was stirred for 5 min at room
temperature, then TFA (0.54 mL, 7.1 mmol) was added, and the
mixture was stirred for one hour. DDQ (0.4 g, 1.8 mmol) in toluene
(10 mL) was added. After mixing for 1 h at room temperature,
triethylamine (1 mL, 7.1 mmol) was added. The crude mixture
was evaporated to dryness, dissolved in chloroform and purified
by preparatory TLC (eluted by chloroform–methanol 10 : 0.5).
The fraction containing the porphyrin (as assessed by UV-visible)
was collected and extracted from the silica. Evaporation of the
solvent in vacuo afforded 7 to 10% of red product (16.0 to 22.8 mg).
kmax(CH2Cl2)/nm 400 (log e/dm3 mol−1 cm−1 4.53), 494 (3.12), 530
(1.67) and 566 (1.49). 1H NMR (500 MHz, acetone-d6), d = 10.50
(s, 2H), 10.49 (s, 1H), 9.64–9.66 (m, 4H), 9.63 (d, J = 4.6 Hz, 2H),
9.25 (d, J = 6.5 Hz, 2H), 9.17 (d, J = 4.6 Hz, 2H), 8.81 (d, J =
6.5 Hz, 2H) and −3.59 (br s, 2H, NH) ppm. 13C NMR (500 MHz
Cryo, acetone-d6), d = 158.3, 150.2, 150.1, 149.6, 147.7, 145.0,
132.9, 132.7, 132.4, 132.1, 130.7, 113.1, 106.0 and 105.9 ppm.
Exact mass: calculated: 388.1562; found: 388.1558 (M + H+).


5,15-Di(4-pyridyl)porphyrin 7


To a stirred solution of 5-(4-pyridyl)dipyrromethane 5 (500 mg,
2.24 mmol) and trimethyl orthoformate 6 (18 mL, 0.17 mol) in dry
DCM (630 mL) previously degassed by bubbling with argon, was
added drop wise, over 15 min, a solution of TCA (8.83 g, 54 mmol)
in dry DCM (227 mL). After the addition was complete, the


solution was stirred in the dark and at room temperature, for 4 h,
before being quenched with pyridine (15.6 mL) and stirred, again
in the dark for further 17 h. The solution was the purged with air
for 10 min and stirred, under ambient lighting conditions, for 4 h.
Solvent was evaporated in vacuo, first using water aspiration, and
then vacuum overnight. The resulting black solid was preadsorbed
onto silica and loaded onto the top of a flash chromatography
column. The crude product was eluted from the column using
a mixture of chloroform–methanol (10 : 1). Evaporation of the
eluent afforded 9% of a purple solid (91 mg). 1H NMR (500 MHz,
CDCl3), d = 10.36 (s, 1H), 9.43 (d, J = 4.6 Hz, 4H), 9.05 (d, J =
5.4 Hz, 4H), 9.03 (d, J = 4.6 Hz, 4H), 8.19 (d, J = 5.8 Hz, 4H)
and −3.19 (br s, 2H, NH) ppm.


5,10-Di(4-pyridyl)porphyrin 11


5,10-Di(4-pyridyl)tripyrromethane27 (0.45 g, 1.0 mmol) was added
to the stirred solvent of dry DCM (200 mL) previously degassed
by bubbling with argon at room temperature protected from
light. A solution of 2,5-bis(hydroxymethyl)pyrrole 1029 (0.127 g,
1.0 mmol) in methanol (5 mL) was added to the stirred solution.
After 10 min, TFA (15.6 lL, 0.2 mmol) was added with a micro
syringe, and then the reaction mixture was stirred for 1.5 h. DDQ
(0.22 g, 1.0 mmol) was then added, followed by triethylamine
(0.03 mL, 0.2 mmol). The crude mixture was evaporated to
dryness, dissolved in chloroform and purified by preparative TLC
(eluted by chloroform–methanol 10 : 1). The fraction containing
the porphyrin (as assessed by UV-visible) was collected and
extracted from the silica. Evaporation of the solvent in vacuo
afforded 3% purple product (14 mg). kmax(CH2Cl2)/nm 406 (log
e/dm3 mol−1 cm−1 5.18), 500 (4.01), 578 (3.62), 660 (3.20) and 698
(3.16). 1H NMR (500 MHz, CDCl3), d = 10.28 (s, 2H), 9.46 (s,
2H), 9.39 (d, J = 4.6 Hz, 2H), 9.04 (d, J = 5.8 Hz, 4H), 8.97
(d, J = 4.6 Hz, 2H), 8.90 (s, 2H), 8.77 (d, J = 5.8 Hz, 4H) and
−3.45 (br s, 2H, NH) ppm. 13C NMR (500 MHz Cryo, CDCl3),
d = 150.2, 148.3, 130.0–133.0, 129.5, 116.6 and 105.2 ppm. Exact
mass: calculated: 465.1828, found 465.1818 (M + H+).


5,10,15-Tri(4-pyridyl)porphyrin 14


To a stirred solution of 5-(4-pyridyl)dipyrromethane 5 (500 mg,
2.24 mmol), 4-pyridinecarboxaldehyde 13 (0.4 mL, 4.1 mmol)
and trimethyl orthoformate 6 (9 mL, 82.5 mmol) in dry DCM
(630 mL) previously degassed by bubbling with argon, was added
drop wise, over 15 min, a solution of TCA (8.83 g, 54 mmol) in dry
DCM (227 mL). After the addition was complete, the solution was
stirred in the dark and at room temperature, for 4 h, before being
quenched with pyridine (15.6 mL) stirred, again in the dark for
further 2 h and then DDQ was added (0.3 g, 1.3 mmol). Solvent
was evaporated in vacuo, first using water aspiration, and then
vacuum overnight. The resulting black solid was preadsorbed onto
silica and loaded onto the top of a flash chromatography column.
The crude product was eluted from the column using a mixture
of chloroform–methanol (10 : 1); the second porphyrinic fraction
corresponded to the expected product. Evaporation of the eluent
afforded 0.8% of a purple solid (5.1 mg). kmax(CH2Cl2)/nm 414 (log
e/dm3 mol−1 cm−1 4.97), 508 (3.86), 580 (3.38) and 636 (2.64). 1H
NMR (500 MHz, CDCl3), d = 10.40 (s, 1H), 9.44 (d, J = 4.6 Hz,
2H), 9.07 (br s), 9.02 (d, J = 4.8 Hz, 2H), 9.00 (d, J = 4.6 Hz, 2H),
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8.92 (d, J = 4.8 Hz, 2H), 8.75 (d, J = 5.6 Hz, 2H), 8.18 (d, J =
5.6 Hz, 4H), 7.65 (dd, J = 6.6, 1.5 Hz, 2H) and −3.06 (br s, 2H,
NH) ppm. 13C NMR (500 MHz Cryo, CDCl3), d = 150.9, 149.2,
148.5,147.0, 132.8, 131.6, 131.1, 130.1, 129.4, 123.5, 117.5, 114.8
and 107.6 ppm. Exact mass: calculated: 542.2093; found: 542.2079
(M + H+).


General procedure for the methylation of the porphyrins pyridyl
groups


The quaternisation of the pyridyl groups was achieved by methy-
lation with a large excess of iodomethane in DMF, at 40 ◦C for 3
to 7 h, in quantitative yields. The anion-exchange was performed
with Dowex 1 × 2–200 in the chloride form, which was shaken
together with the previously dissolved porphyrins in 20% acetone
80% water for 2 h. The resin was then filtered off and washed
with water, giving the final porphyrins without any need of further
purification.


5-(N-Methylpyridinium-4-yl)porphyrin 4. kmax(MeCN)/nm
398 (log e/dm3 mol−1 cm−1 4.84), 496 (3.89), 538 (3.69) and 580
(3.73). 1H NMR (500 MHz, CD3NO2), d = 10.59 (s, 2H), 10.54
(s, 1H), 9.83 (d, J = 4.6 Hz, 2H), 9.66 (s, 4H), 9.23 (d, J = 6.5 Hz,
2H), 9.18 (d, J = 4.6 Hz, 2H), 8.98 (d, J = 6.5 Hz, 2H), 4.86 (s,
3H) and −3.77 (br s, 2H, NH) ppm. 13C NMR (500 MHz Cryo,
CD3NO2), d = 160.3, 144.5, 134.4, 133.3, 133.6, 130.6, 112.2,
107.4 and 49.2 ppm. Exact mass: calculated: 402.1719; found:
402.1711 (M).


5,15-Di(N-methylpyridinium-4-yl)porphyrin 8. 1H NMR
(500 MHz, DMSO), d = 10.85 (s, 2H), 9.86 (d, J = 4.7 Hz, 4H),
9.53 (d, J = 6.6 Hz, 4H), 9.25 (d, J = 4.7 Hz, 4H), 9.08 (d, J =
6.6 Hz, 4H), 4.74 (s, 6H) and −3.34 (br s, 2H, NH) ppm.


5,10-Di(N-methylpyridinium-4-yl)porphyrin 12. kmax(Me-
CN)/nm 412 (log e/dm3 mol−1 cm−1 5.04), 504 (4.01), 574 (3.52)
and 632 (2.95). 1H NMR (500 MHz, CD3CN (75%) and CD3OD
(25%)), d = 10.61 (s, 2H), 9.66 (br s, 4H), 9.18 (d, J = 4.5 Hz,
4H), 9.07 (br s, 4H), 8.88 (d, J = 4.5 Hz, 4H) and 4.7 (s, 6H) ppm.
13C NMR (500 MHz Cryo, CD3CN (75%) and CD3OD (25%)),
d = 159.1, 145.0, 134.1, 114.2, 108.3 and 49.4 ppm. Exact mass:
calculated: 247.1104; found: 247.1070 (M).


5,10,15-Tri(N-methylpyridinium-4-yl)porphyrin 15. kmax(Me-
CN)/nm 420 (log e/dm3 mol−1 cm−1 5.04), 510 (4.21), 548 (4.08)
and 580 (4.07). 1H NMR (500 MHz, CD3NO2), d = 10.73 (s, 1H),
9.72 (d, J = 4.7 Hz, 2H), 9.28 (d, J = 6.5 Hz, 4H), 9.26 (d, J =
6.7 Hz, 2H), 9.18 (d, J = 4.7 Hz, 2H), 9.16 (d, J = 4.9 Hz, 2H), 9.11
(d, J = 4.9 Hz, 2H), 8.97 (d, J = 6.5 Hz, 4H), 8.94 (d, J = 6.7 Hz,
2H) and 4.86 (s, 9H) ppm. 13C NMR (500 MHz Cryo, CD3NO2),
d = 160.0, 159.2, 144.9, 144.8, 134.1, 133.9, 117.0, 115.4, 109.6
and 49.4 ppm. Exact mass: calculated: 195.4234; found: 195.4224
(M).


SPR studies


Surface plasmon resonance was performed on a Biacore 2000
instrument, using degassed Tris·HCl running buffer (50 mM
Tris·HCl, 100 mM KCl, pH 7.4). Sensor chips (Type SA, Biacore)
were loaded with approximately 600 RU of Htelo (and duplex
DNA as a control). Six serial dilutions of compound were injected
at a flow rate of 20 lL min−1 and the equilibrium response


determined relative to the baseline (blank flow cell). The maximum
compound concentrations were 6.25 lM for A2 trans and H2-
TMPyP4 and 25 lM for A2 cis and A3. Between injections the
sensor surface was refreshed with injections of 1 M KCl and buffer.
All experiments were carried out in duplicate.
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Using a straightforward chemo-enzymatic procedure, 1-b-O-acyl glucuronides of three non-steroidal
anti-inflammatory drugs, diclofenac (DF) 5, mefenamic acid (MF) 6 and (S)-naproxen (NP) 7, were
prepared. Caesium salts of these carboxylic acid drugs reacted with commercially available methyl
2,3,4-tri-O-acetyl-1-bromo-1-deoxy-a-D-glucopyranuronate 4 to give exclusively the corresponding
1-b-O-acyl glucuronides 8–10 in moderate yields. The protecting acetyl (for –OH group) and methyl
ester (for –CO2H group) groups of each sugar moiety were easily removed to provide the corresponding
free 1-b-O-acyl glucuronides 1–3 in high yields. Deprotection was achieved through effective
enzyme-catalysed chemo-selective hydrolyses of the acetyl groups using lipase AS Amano (LAS), and
of the methyl ester group using esterase from porcine liver (PLE).


Introduction


Much attention has been focused on the metabolic activation
of drugs to reactive metabolites, on the covalent binding of
these metabolites to target macromolecules (proteins and/or
DNA), and on the toxicity of these metabolites under certain
physiological conditions such as necrotic injury, idiosyncratic
reaction and cancer.1–7 1-b-O-Acyl glucuronides are such chem-
ically reactive metabolites, associated with carboxylic acids such
as non-steroidal anti-inflammatory carboxylic acid drugs. Several
isoforms of UDP-glucuronosyltransferase, which are responsible
for the formation of these reactive 1-b-O-acyl glucuronides, have
been identified.8,9 1-b-O-Acyl glucuronides are generally labile at
physiological pH and are known not only to undergo ester-bond
hydrolysis and intramolecular acyl migration, but also to bind
covalently to proteins and other nucleophilic components.10–15


It has been postulated that the covalent binding of 1-b-O-acyl
glucuronides may disrupt the function of a critical protein and/or
cause hypersensitivity. This possibility is based largely on the
hapten hypothesis: some 1-b-O-acyl glucuronides are believed to
be responsible for the adverse effects, such as hypersensitivity and
cellular toxicity, of parent drugs.11,12,16–18 Two mechanisms have
been proposed to explain the covalent binding of 1-b-O-acyl glu-
curonides to proteins,19,20 although the toxicological consequences
of covalent binding remain ambiguous. 1-b-O-Acyl glucuronides
have therefore attracted considerable toxicological and chemical
interest regarding their structure–activity relationship.21–25 The
ability of 1-b-O-acyl glucuronides to bind to proteins is of
particular interest for providing further insights into their intrinsic
toxicities.
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Such toxicological and chemical studies require an efficient
and widely applicable synthetic methodology for preparing pure
1-b-O-acyl glucuronides. To our knowledge, however, there is
no convenient synthetic methodology to replace biosynthetic
methods using liver microsomes fortified with UDPGA,24,26 or
the purification of 1-b-O-acyl glucuronides from urinary27 and/or
biliary28 metabolites. Chemical synthetic methods reported to date
can be divided into three categories based on the source of the
glucuronosyl starting materials. The first method utilises benzyl
2,3,4-tri-O-benzylglucuronate,29 with which carboxylic acids are
conjugated primarily using either the Mitsunobu reaction30 or
trichloroacetimidate method.31 The benzyl group is easily removed
by hydrogenolysis without affecting the anomeric acyl functional
group. This method, however, requires a multi-step process for
preparing the starting benzylated glucuronate, and generally gives
a mixture of anomers of 1-O-acyl glucuronide. The second method
utilises unprotected glucuronic acid, which is acylated with N-
acylimidazoles.23,32 However, except for the specific case of a
retinoylation reaction,32 reported yields are relatively low. The
third method utilises allyl glucuronate, which is acylated with
carboxylic acids by the Mitsunobu reaction or the HATU–NMM
procedure.33,34 This approach produces the desired products with
high b/a ratios, but the overall yields are unsatisfactory.


Herein we report a facile chemo-enzymatic approach for the
preparation of 1-b-O-acyl glucuronides 1, 2 and 3 from com-
mercially available methyl 2,3,4-tri-O-acetyl-1-bromo-1-deoxy-a-
D-glucopyranuronate 4 and the corresponding non-steroidal anti-
inflammatory drugs (NSAIDs), namely: diclofenac (DF) 5, mefe-
namic acid (MF) 6 and (S)-naproxen (NP) 7 (Fig. 1), respectively.
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Fig. 1 Structures of NSAIDs used.


In the first glucuronidation step, methyl acetyl derivatives of 1-b-O-
acyl glucuronides 8–10 were obtained easily and stereo-specifically.
In the second step, enzymatic deprotection was performed with
high chemo-selectivity using the commercially available lipase AS
Amano (LAS) and esterase from porcine liver (PLE), as shown in
Scheme 1.


Results and discussion


Synthesis of methyl acetyl derivatives of 1-b-O-acyl glucuronides
8–10


Complete anomeric stereocontrol is critical for the synthesis
of 1-b-O-acyl glucuronides 1–3. As indicated in reviews of
carbohydrates,35,36 the most reliable method for constructing 1,2-
trans-glycosidic linkages is to utilise neighbouring-group par-
ticipation from the 2-O-acyl functionality. Therefore, the glu-
curonidation of DF 5, MF 6 and NP 7 was attempted using
commercially available bromide 4. Reactivity of the sodium salt of
DF with 4 to provide 8 was first examined in several solvents
(DMSO, DMF, diglyme, HMPA, 1,4-dioxane and MeOH) at
30 ◦C. DMSO was found to be the solvent of choice, whereas
the reaction rate was very reduced in MeOH. Among the counter
cations examined (sodium, caesium and tetraethylammonium),
the caesium salt of DF in DMSO gave the best yield of the
corresponding methyl acetyl derivative 8. Thus, as shown in
Scheme 1, treatment of 4 with the caesium salts of the carboxylic
acids 5–7 (1.5 equivalents) in DMSO at 30 ◦C for 3 h gave the
corresponding methyl acetyl derivatives 8–10 in moderate yields
(Table 1).


1H-NMR spectra (in CDCl3) of these crude reaction products
were obtained in order to check the product ratio of a- to b-
anomers. 1H-Chemical shifts of the crude products are also listed
in Table 1; each anomeric proton was observed as a doublet
at around d 5.8, with J values of approximately 7.5 Hz. From
their coupling constants, the stereochemistry of products 8–10
was assigned to the b-configuration.37 No signal attributed to


Table 1 Yields of 8–10 and 1H-NMR data of the anomeric protons of
the crude products


NSAID Product Yield (%) C1-H/ppma (J/Hz)


5 8 79 5.81 (7.6)
6 9 74 5.99 (7.3)
7 10 46 5.75 (7.6)


a 1H-Chemical shifts of C1-H (anomeric protons) are presented as d values
in CDCl3.


the formation of a-anomers was detected, indicating that this
glucuronidation method gave exclusively the expected 1-b-O-acyl
glucuronide derivatives.


Similar stereo-selectivity, probably due to participation of the
neighbouring 2-O-acetyl group, has been reported in the reac-
tions of 2,3,4,6-tetra-O-acetyl-a-D-glucopyranosyl bromide with
caesium carboxylates38 in DMF and with sodium carboxylates39


in the presence of a phase transfer catalyst to yield 1-b-O-acyl-
2,3,4,6-tetra-O-acetyl-D-glucopyranosides. In addition, bromide
4 has been reacted with a carboxylic acid40 using Ag2O. In
this latter approach, the resulting methyl 1-b-O-acyl-2,3,4-tri-
O-acetyl-D-glucopyranuronate was then chemically deacetylated,
followed by an enzymatic hydrolysis of the methyl ester to give the
corresponding free 1-b-O-acyl glucuronide in an overall yield of
ca. 45%.40


Enzymatic deprotection of 8–10


The above reaction conditions yielded 1-b-O-acyl glucuronides 8–
10 exclusively in moderate yields. The important issue of how
to remove the protecting groups in these compounds without
affecting their 1-b-O-acyl linkages remained. Recently, enzymes
with high chemo-, regio- and/or stereo-selectivity have been
employed as biocatalysts in organic reactions and many reviews
of this research area have been published.41


Therefore, enzymes were screened in order to identify candidates
capable of chemo-selectively hydrolysing the O-acetyl groups
and/or the methyl ester group of 8–10. Various enzymes including
lipases and PLE were tested for the chemo-selective hydrolysis of 8
(chosen as the model substrate). Incubations were conducted using
0.5 mM 8 in 25 mM sodium citrate buffer (pH 5.0) containing
20% (v/v) DMSO as a co-solvent at 40 ± 0.1 ◦C for 30 min.
Each commercially available enzyme was added to the incubation
mixture at a final concentration of 5 mg cm−3. The incubation
was performed at pH 5.0 because the 1-b-O-acyl linkages of the
corresponding partially and fully deprotected compounds derived
from 8 were much less labile to both hydrolysis and intramolecular
acyl migration at slightly acidic pH. Similar findings have been
reported for other 1-b-O-acyl glucuronides.15,42


Of 11 enzymes tested, LAS and PLE showed hydrolytic activity
toward 8, whereas other enzymes did not show any hydrolytic
activity toward 8 under the conditions used. LAS gave several


Scheme 1 Chemo-enzymatic synthesis of 1-b-O-acyl glucuronides.
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major peaks on reversed-phase HPLC analysis, probably corre-
sponding to partially and fully deacetylated compounds. After
4 h incubation, a major peak corresponding to methyl ester
glucuronide 12 was detected, whereas PLE gave a major peak
which was shown to correspond to tri-O-acetyl derivative 11, as
shown in Scheme 2. The hydrolytic activities of LAS and PLE
were examined in more detail. The effect of co-solvents, including
DMSO, on LAS-catalysed hydrolysis of 8 was first investigated at
a concentration of 20% (v/v) in the incubation mixture. CH3CN
and tetrahydrofuran were ineffective at solubilising the substrate.
2-Methoxyethanol, DMF and t-BuOH were less effective in
stimulating the hydrolytic reaction than DMSO. Fig. 2 shows
chromatograms for the LAS-catalysed hydrolysis of 8 using
DMSO as the co-solvent. The substrate (peak A, Fig. 2a) was
fully deacetylated to provide methyl ester glucuronide 12 (peak D,
Fig. 2b) after 5 h incubation; DF (peak E, Fig. 2b) was detected as a


Fig. 2 HPLC chromatograms of LAS-catalysed hydrolysis of 8. (a) after
2 min incubation; (b) after 5 h incubation. Conditions: 0.5 mM 8, 20%
(v/v) DMSO, 25 mM citrate buffer (pH 5.0), 8 mg cm−3 LAS and at 40 ◦C:
A, 8; D, 12; E, 5; B and C, partially deacetylated intermediates.


Scheme 2 Hydrolytic products of methyl acetyl derivative of diclofenac
1-b-O-acyl glucuronide (R-CO2H = diclofenac) 1. Route A, with LAS and
then PLE; route B, with PLE and then LAS; route C, with both PLE and
LAS.


Table 2 Reaction conditions and yields of LAS-catalysed hydrolyses of
8–10 to provide 12–14


Conditions


Substrate Yield (%) pH (buffer) Co-solvent (%, v/v a)


8 94 5.0 (Cib/NaOH) DMSO (20)
9 90 6.0 (Pib/NaOH) DMSO (20)
10 90 5.5 (Ci–Pib/NaOH) 2-Methoxyethanol (20)


a Percentage of the co-solvent in the incubation mixture. b Ci = citrate, Pi =
phosphate, Ci–Pi = citrate–phosphate.


by-product at ca. 3% yield. These results indicated that DMSO was
the best co-solvent of all those examined for the LAS-catalysed
chemo-selective hydrolysis of 8 to 12. Similarly, LAS-catalysed
hydrolyses of 9 and 10 were performed under their respective
optimum conditions to yield the corresponding methyl esters 13
and 14 in excellent yields. Reaction conditions and yields of LAS-
catalysed hydrolytic products 12–14 are summarized in Table 2.


It is very important to choose a suitable co-solvent for LAS-
catalysed hydrolysis in order to obtain high chemo-selectivity. For
example, DMSO was a good co-solvent for the hydrolysis of 8
and 9, but for 10 a considerable amount of NP (ca. 30%) was
formed with the concomitant formation of the expected product
14, probably due to lowered chemo-selectivity (data not shown).
2-Methoxyethanol was found to be the co-solvent of choice for
the chemo-selective hydrolysis of the substrate 10. These methyl
esters 12–14 were easily purified by passage through an Amberlite
XAD-4 column, followed by recrystallisation. The structures of
these compounds were confirmed by 1H- and 13C-NMR, and by
mass spectrometry.


PLE, commercially available as a mixture of isozymes,43 is
known to be one of the most useful enzymes for the synthesis of
chiral synthons.41 As mentioned above, PLE was shown to catalyse
the hydrolysis of methyl ester of 8 to provide 11. Therefore, PLE
was examined for hydrolytic activity toward methyl esters 12–
14 in order to obtain the free 1-b-O-acyl glucuronides 1–3. In
PLE-catalysed hydrolysis of the methyl ester 12 (chosen as the
model compound), it is also very important to choose a suitable
co-solvent to obtain high chemo-selectivity. For example, using
DMSO as a co-solvent in the PLE-catalysed hydrolysis of 12
resulted in the formation of a considerable amount of DF (ca.
20%). When the co-solvent was changed to t-BuOH, the expected
product 1 was obtained in 92% yield. Fig. 3a shows a typical
HPLC chromatogram of the PLE-catalysed hydrolysis of 12 with t-
BuOH as the co-solvent, where the corresponding free glucuronide
1 (peak A) was a major product and the hydrolysis generating DF
(peak B) was suppressed almost completely. However, as shown
in Table 3, DMSO was a good co-solvent for the PLE-catalysed
hydrolysis of methyl esters 13 and 14. The methyl ester groups of
substrates 12–14 were chemo-selectively hydrolysed under specific
conditions (pH and co-solvent) at 40 ◦C for 1 to 3 h, providing
1–3 in excellent yields (Table 3). In all cases, the incubation was
performed at lower pH (between 5.0 and 6.0) rather than at the
optimum pH for PLE (ca. 7 to 8) in order to prevent the non-
enzymatic hydrolysis and intramolecular acyl migration of the
1-b-O-acyl linkages of both the substrates 12–14 and the products
1–3.
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Table 3 Reaction conditions and yields of PLE-catalysed hydrolyses of
12–14 to provide 1–3


Conditions


Substrate Yield (%) pH (buffer) Co-solvent (%, v/va)


12 92 5.0 (Cib/NaOH) t-BuOH (15)
13 99 6.0 (Pib/NaOH) DMSO (20)
14 90 5.5 (Ci–Pib/NaOH) DMSO (20)


a Percentage of the co-solvent in the incubation mixture. b Ci = citrate, Pi =
phosphate, Ci–Pi = citrate–phosphate.


Fig. 3 HPLC chromatograms of (a) PLE-catalysed hydrolysis of 12, after
4 h; (b) LAS-catalysed hydrolysis of 11 after 5 h; (c) both LAS- and
PLE-catalysed hydrolysis of 8 with DMSO as a co-solvent, after 4 h;
(d) both LAS- and PLE-catalysed hydrolysis of 8 with t-BuOH as a
co-solvent after 4 h. A, 1; B, 5; C, a mono-O-acetyl derivative of 1; D,
11. Conditions: see Experimental.


Recently, selective hydrolysis of methyl and benzyl esters by
microbial enzymes has been reported.44 However, these reactions
required over 24 h, and the enzymes’ chemo-selectivity toward
methyl and benzyl esters in the presence of acetoxy functional
groups was not examined. Additionally, PLE has been also used
for the hydrolysis40 of a methyl ester of 1-b-O-acyl glucuronide
at pH 7.0, but chemo-selectivity toward the substrate was not
high. As shown in Fig. 4, PLE-catalysed hydrolysis of 8 proceeded
smoothly within 4 h, with DF being only slightly formed. Our
methodology using PLE at pH 5.0–6.0 has the advantages of high
chemo-selectivity and a short reaction time.


Fig. 4 Time course of PLE-catalysed hydrolysis of 12. (�), 12; (�), 1;
(�), DF; (�), aggregate. Conditions: 0.5 mM 12, 15% (v/v) t-BuOH,
0.4 mg cm−3 PLE at 40 ◦C.


The free 1-b-O-acyl glucuronides 1–3 were easily isolated by
passage through an Amberlite XAD-4 column. The structures of
these glucuronides were confirmed by 1H- and 13C-NMR, and
by mass spectrometry. b-Glucuronidase is known to hydrolyse
1-b-O-acyl glucuronides but 2-, 3- or 4-O-acyl isomers formed
through intramolecular acyl migration are resistant to hydrolysis
by the enzyme.12 Therefore, the purities of 1, 2 and 3 as 1-b-O-acyl
glucuronides were also determined using b-glucuronidase to be
97 ± 1, 99 ± 2 and 100 ± 1%, respectively. These results indicate
that the glucuronides 1–3 are almost pure 1-b-O-acyl glucuronides.


The results presented here show that 8–10 are hydrolysed by
both LAS and PLE; LAS hydrolyses the O-acetyl groups of 8–10
with high chemo-selectivity to provide 12–14 and PLE hydrolyses
the methyl ester groups of 12–14 with high chemo-selectivity to
provide 1–3, via route A as shown in Scheme 2. As other possible
routes, we examined a reverse combination of the enzymes (route
B in Scheme 2) as well as the concurrent use of both enzymes
(route C in Scheme 2). In route B, compound 11, which is easily
obtained by treatment of 8 with PLE though in an ‘unsatisfactory
yield’, was incubated with LAS under the conditions used for the
hydrolysis of 8 to 12. As shown in Fig. 3b, the reaction did not
go to completion and gave mixtures of 1 (peak A), 5 (peak B), a
mono-O-acetyl derivative (peak C) and other unknown products.
The 1H-NMR spectrum of the mono-O-acetyl derivative showed
a singlet peak at d 1.92 corresponding to the –OCOCH3 group. On
the other hand, the concurrent use of both enzymes using DMSO
and t-BuOH as the co-solvents resulted in improved results, as
shown in Figs. 3c and 3d, respectively. In both the cases, other
than the expected 1, some hydrolysis of the 1-b-O-acyl linkage to
provide DF (peak B) (especially remarkable in Fig. 3c) occurred
and partially deacetylated intermediates (peak C corresponds to
the mono-O-acetate) were accumulated. The data in Figs. 2b and
3b, showing LAS-catalysed hydrolysis of 8 and 11 respectively,
indicated that LAS shows the high hydrolytic activity of O-acetyl
groups in 8 but not in 11. The difference of the activity might be
due to the negative charge on the glucuronic acid moiety in the
molecule of 11.


From these results, the preferred sequential order for enzymatic
treatment was shown to be LAS followed by PLE, namely the
route A shown in Scheme 2. Application of this chemo-enzymatic
method to the synthesis of other 1-b-O-acyl glucuronides, and
screening of more efficient enzymes for the deprotection process,
as well as optimisation of the enzymatic reaction conditions, are
all currently under investigation.
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Conclusions


A chemo-enzymatic synthesis of 1-b-O-acyl glucuronides was
presented, taking DF 5, MF 6 and NP 7 as examples for
carboxylic acids. In the chemical glucuronidation step, methyl
acetyl derivatives of 1-b-O-acyl glucuronides 8–10 were obtained
exclusively in moderate yields, using neighboring 2-O-acetyl group
participation. In the following enzymatic deprotection step, the
expected free 1-b-O-acyl glucuronides 1–3 were easily obtained
in excellent yields via a sequential LAS- and PLE-catalysed high
chemo-selective hydrolysis.


Experimental


Materials


The sodium salt of DF 5 and free acids of MF 6 and NP 7 were
obtained from MP Biomedicals, Lancaster and Wako Pure Chem-
ical Industries, respectively. Methyl 2,3,4-tri-O-acetyl-1-bromo-1-
deoxy-a-D-glucopyranuronate 4 was obtained from Sigma-Aldrich
Co. or synthesised according to the reported procedure.45 The
11 enzymes, used in the screening for chemo-selective hydrolytic
activity, were: lipase AS Amano (from Aspergillus niger), lipase
F-AP15 (from Rhizopus oryzae) and lipase G Amano 50 (from
Penicillium camemberti), which were obtained from Wako Pure
Chemical Industries, lipase from wheat germ and esterase from
porcine liver (lyophilized powder), which were obtained from
Sigma-Aldrich Co., lipase MY (from Candida cyclindracea), lipase
OF (from Candida cyclindracea), lipase PL (from Alcaligenes sp.),
lipase QLM (from Alcaligenes sp.), lipase SL (from Pseudomonas
cepacia) and lipase TL (from Pseudmonas stutzeri), which were
kindly gifted from Meito Sangyo Co., Ltd. Amberlite XAD-4 was
obtained from ORGANO Corporation and used after grinding
(80–200 mesh). All other chemicals used were analytical grade
commercial products. 1H- and 13C-NMR were recorded using
either a JNM-GX270 (JEOL) or a JNM-AL400 (JEOL). The
chemical shifts measured in CDCl3, d6-DMSO or CD3OD are
presented by d-values in ppm using the residual solvent peaks as
internal standards relative to TMS.


Glucuronidation of 5–7 using methyl 2,3,4-tri-O -acetyl-1-bromo-
1-deoxy-a-D-glucopyranuronate 4 to provide 8–10


A typical procedure is as follows: a solution of bromide 4 (397 mg,
1.00 mmol) and caesium salt of 5–7 (1.5 mmol) in DMSO (8 cm3)
was stirred at 30 ◦C for 3 h. The reaction mixture was diluted with
EtOAc (100 cm3) and then washed with water (100 cm3), saturated
aqueous NaHCO3 (3 × 40 cm3) and then saturated aq. NaCl. After
drying over Na2SO4, the organic solvent was evaporated to give a
crude product, which was purified by recrystallisation. Analytical
and spectral data of the products 8–10 were as follows.


Methyl 2,3,4-tri-O-acetyl derivative of diclofenac 1-b-O-acyl
glucuronide 8. Yield 79%; mp 155–157 ◦C (needles from EtOH).
Found: C, 53.0; H, 4.5; N, 2.3; Cl, 11.5; m/z (FAB, positive) MNa+,
634.0847. C27H27Cl2NO11 requires C, 52.95; H, 4.4; N, 2.3; Cl,
11.6%; C27H27Cl2NO11Na requires m/z 634.0853; mmax (KBr)/cm−1


3360, 1750, 1510, 1460, 1370, 1230, 1090 and 1040; dH (270 MHz,
d6-DMSO) 1.82 (3H, s, OCOCH3), 1.95 (3H, s, OCOCH3), 1.99
(3H, s, OCOCH3), 3.62 (3H, s, CO2CH3), 3.88 (2H, s, ArCH2),


4.70 (1H, d, J 9.6, C5-H), 4.99 (1H, t, J 8.2, C2-H), 5.01 (1H, t, J
9.6, C4-H), 5.50 (1H, t, J 9.6, C3-H), 6.09 (1H, d, J 8.2, C1-H), 6.22
(1H, d, J 7.9, Ar-H), 6.83 (1H, t, J 7.6, Ar-H), 6.98 (1H, s, NH),
7.05 (1H, t, J 7.6, Ar-H), 7.12–7.23 (2H, m, Ar-H) and 7.52 (2H, d,
J 7.9, Ar-H); dC (67.8 MHz, d6-DMSO) 20.03, 20.18, 20.24, 36.24,
52.58, 68.74, 69.81, 70.80, 71.41, 90.96, 115.83, 120.59, 122.09,
126.11, 127.95, 129.12, 130.80, 131.02, 137.04, 142.86, 166.86,
168.81, 169.25, 169. 39 and 169.62.


Methyl 2,3,4-tri-O-acetyl derivative of mefenamic acid 1-b-O-
acyl glucuronide 9. Yield 74%; mp 124–125 ◦C (needles from
EtOH). Found: C, 60.3; H, 5.5; N, 2.45; m/z (FAB, positive)
MNa+, 580.1801. C28H31NO11 requires C, 60.3; H, 5.6; N, 2.5%;
C28H31NO11Na requires m/z 580.1798; mmax (KBr)/cm−1 3340,
1760, 1700, 1610, 1580, 1510, 1460, 1380, 1230, 1100 and 1050;
dH (400 MHz, d6-DMSO) 2.00 (3H, s, OCOCH3), 2.01 (3H, s,
OCOCH3), 2.01 (3H, s, OCOCH3), 2.07 (3H, s, ArCH3), 2.28
(3H, s, ArCH3), 3.61 (3H, s, CO2CH3), 4.77 (1H, d, J 9.8, C5-H),
5.11 (1H, t, J 9.5, C4-H), 5.22 (1H, dd, J 7.8 and 9.5, C2-H), 5.62
(1H, t, J 9.5, C3-H), 6.25 (1H, d, J 7.8, C1-H), 6.60 (1H, d, J 8.6,
Ar-H), 6.72 (1H, m, Ar-H), 7.07–7.16 (3H, m, Ar-H), 7.36 (1H, dt,
J 1.5 and 8.3, Ar-H), 7.78 (1H, dd, J 1.5 and 8.3, Ar-H) and 8.99
(1H, s, NH); dC (100 MHz, d6-DMSO) 13.68, 20.15, 20.21, 20.28,
52.58, 68.80, 69.58, 70.44, 71.38, 90.04, 108.11, 113.42, 116.50,
123.28, 126.16, 127.20, 131.16, 132.10, 135.73, 137.63, 137.98,
149.64, 165.54, 167.00, 169.21, 169.29 and 169.41.


Methyl 2,3,4-tri-O-acetyl derivative of (S)-naproxen 1-b-O-acyl
glucuronide 10. Yield 46%; mp 182–184 ◦C (needles from EtOH).
Found: C, 59.39; H, 5.59; m/z (FAB, positive) MNa+, 569.1615.
C27H30O12 requires C, 59.34; H, 5.53%; C27H30O12Na requires m/z
569.1625; mmax (KBr)/cm−1 1760, 1630, 1610, 1370, 1230, 1090 and
1040; dH (270 MHz, d6-DMSO) 1.47 (3H, d, J 6.9, CHCH3), 1.86
(3H, s, OCOCH3), 1.95 (3H, s, OCOCH3), 1.97 (3H, s, OCOCH3),
3.59 (3H, s, CO2CH3), 3.86 (3H, s, ArOCH3), 3.97 (1H, q, J 6.9,
CHCH3), 4.66 (1H, d, J 9.9, C5-H), 4.95–5.02 (2H, m, C2-H and
C4-H), 5.50 (1H, t, J 9.6, C3-H), 6.05 (1H, d, J 8.2, C1-H), 7.16
(1H, dd, J 2.6 and 9.2, Ar-H), 7.30 (1H, d, J 2.6, Ar-H), 7.35
(1H, dd, J 1.6 and 8.6, Ar-H), 7.69 (1H, s, Ar-H) and 7.78 (2H,
d, J 8.9, Ar-H); dC (67.5 MHz, d6-DMSO) 17.94, 20.08, 20.14,
20.24, 44.19, 52.56, 55.14, 68.78, 69.71, 70.75, 71.38, 90.93, 105.69,
118.81, 125.88, 126.15, 127.00, 128.29, 129.16, 133.43, 134.27,
157.28, 166.81, 168.86, 169. 21, 169.39 and 172.09.


HPLC analysis


HPLC was performed with a Shimadzu LC-10A equipped with a
C-R8A chromatopac, using a column of Symmetry C18 (5 lm,
4.6 × 150 mm, Waters) for the analysis of the enzymatic
reactions. Mobile phases for the analytical HPLC are given in each
experiment described below. For the final purification of free 1-b-
O-acyl glucuronides 1–3, a semipreparative column of Symmetry
C18 (7 lm, 19 × 150 mm, Waters) was used and the mobile phase
for 1–3 was aqueous CH3CN containing 0.01% (v/v) AcOH at a
flow rate of 3 cm3 min−1. The concentrations of CH3CN were 40,
50 and 30% (v/v) for 1, 2 and 3, respectively.
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Screening of enzymes for the hydrolytic activity of 8 and 12 as
model substrates


The incubation was carried out at an initial concentration of
0.5 mM of 8 or 12 in 25 mM sodium citrate buffer (pH 5.0)
containing 20% (v/v) DMSO as a co-solvent at 40 ± 0.1 ◦C
for 30 min and each commercially available enzyme was added
to the incubation mixture at a final concentration of 5 mg cm−3


(except for PLE at 0.4 mg cm−3). For enzyme assays, an aliquot of
the incubation mixture was appropriately diluted with an HPLC
carrier and injected onto a reversed-phase HPLC. The mobile
phase of HPLC analysis for the hydrolysis of 8 was 55% (v/v)
CH3CN containing 50 mM NH4OAc (pH 4.5) and 10 mM tetra-
n-butylammonium bromide (TBAB) at a flow rate of 0.7 cm3 min−1


with detection at 283 nm. For analysis of the formation of 1
from 12, the concentration of CH3CN in the mobile phase was
reduced to 45% (v/v). By adding TBAB (at a final concentration
of 10 mM) to the mobile phase, polar 1-b-O-acyl glucuronides 1–3
could be separated from the other, more polar components derived
from the enzymes, owing to the retardation of the retention times
of 1–3. This is explained by the formation of less polar ion
pairs between the glucuronides and the quaternary ammonium
ion.


Screening of co-solvents for the hydrolysis of 8 or 12


In order to optimise the LAS- and PLE-catalysed chemo-selective
hydrolytic conditions, the effect of co-solvents (at the fixed
final concentration of 20% (v/v)) on the enzymatic activity was
examined with substrate 8 for LAS and 12 for PLE.


PLE-catalysed hydrolysis of 8 to 11 (route B)


A solution of 8 (77 mg, 0.126 mmol) in CH3CN (37 cm3) was
added to 213 cm3 of 25 mM sodium citrate buffer (pH 5.0)
PLE (135 mg, 0.54 mg cm−3 incubation mixture) was dissolved
at 40 ◦C and the mixture was incubated for 6 h. The mobile
phase of HPLC analysis for this reaction was 55% (v/v) CH3CN
containing 50 mM NH4OAc (pH 4.5) and 10 mM TBAB at a
flow rate of 0.7 cm3 min−1 with detection at 283 nm. After the
reaction mixture was evaporated to remove CH3CN, the residual
aqueous solution was acidified to pH ca. 3 and saturated with
NaCl and then extracted with EtOAc (2 × 100 cm3). After drying
over Na2SO4, the organic solvent was evaporated to give a syrup,
which was purified by silica gel pTLC (EtOAc–acetone–AcOH =
10 : 10 : 0.2, v/v) to provide 11 as a solid (40 mg, 53%); m/z
(FAB, positive) MNa+, 620.0692. C26H25Cl2NO11Na requires m/z
620.0697; dH (400 MHz, CD3OD) 1.76 (3H, s, OCOCH3), 1.96
(3H, s, OCOCH3), 1.99 (3H, s, OCOCH3), 3.83 (1H, d, J 15.1,
ArCH2), 3.88 (1H, d, J 15.1, ArCH2), 4.23 (1H, d, J 9.8, C5-H),
5.11 (1H, t, J 9.3, C4-H), 5.20 (1H, t, J 9.8, C2-H), 5.35 (1H,
t, J 9.5, C3-H), 5.91 (1H, d, J 8.1, C1-H), 6.40 (1H, d, J 8.1,
Ar-H), 6.91 (1H, t, J 7.6, Ar-H), 7.02 (1H, s, NH), 7.06–7.10
(2H, m, Ar-H), 7.19 (1H, d, J 7.6, Ar-H) and 7.40 (2H, d, J 7.9,
Ar-H); dC (67.5 MHz, CD3OD) 20.31, 20.51, 20.59, 38.55, 70.83,
71.70, 73.69, 74.79, 93.09, 118.80, 122.98, 124.85, 126.03, 129.20,
130.06, 131.51, 132.06, 139.10, 144.26, 170.85, 171.15, 171.43 and
171.80.


LAS-catalysed hydrolysis of 11 (route B); isolation of the
mono-O-acetyl derivative of 1


A solution of tri-O-acetyl derivative 11 (20 mg, 0.033 mmol) in
DMSO (3.5 cm3) was added to 14.5 cm3 of 25 mM sodium citrate
buffer (pH 5.0), LAS (270 mg, 15 mg cm−3 incubation mixture)
was dissolved at 40 ◦C and the mixture was incubated for 5 h.
The mobile phase of HPLC analysis for this reaction was 45%
(v/v) CH3CN containing 50 mM NH4OAc (pH 4.5) and 10 mM
TBAB at a flow rate of 0.7 cm3 min−1 with detection at 283 nm.
After incubation for 3 h, the substrate 11 was almost hydrolysed to
give a mixture. The amount of expected free glucuronide 1 for the
5 h incubation was almost same as that for the 3 h incubation (see
Fig. 3b). A product whose retention time was very close to that of 1
was purified by pTLC (CHCl3–MeOH–AcOH = 25 : 9 : 1, v/v) to
give a 3- or 4-mono-O-acetyl derivative of 1 (4.0 mg, 23%), whose
structure was estimated from 1H-NMR; dH (270 MHz, d6-DMSO)
1.92 (3H, s, OCOCH3), 3.28–3.60 (3H, m, sugar-H), 3.84 and 3.92
(each 1H, d, J 15.8, ArCH2), 4.78 (1H, t, J 9.6, C3- or C4-H), 5.43
(1H, d, J 7.6, C1-H), 6.84 (1H, t, J 6.6, Ar-H), 7.07 (2H, t, J 8.9,
Ar-H), 7.16–7.24 (2H, m, Ar-H) and 7.53 (2H, d, J 7.9, Ar-H).
The proton at d 4.78 was assigned to the H-C-OCOCH3 proton
of the sugar moiety due to its resonance at lower field. Its triplet
multiplicity showed the proton to be either C3- or C4-H.


Concurrent usage of LAS and PLE for the hydrolysis of 12
(route C)


A solution of 8 in either 20% (v/v) DMSO or 15% (v/v) t-
BuOH was added to 25 mM sodium citrate buffer (pH 5.0), LAS
(15 mg cm−3 incubation mixture) and PLE (0.4 mg cm−3 incubation
mixture) were dissolved at 40 ◦C and the mixture was incubated for
5 h. The mobile phase of HPLC analysis for this reaction was 45%
(v/v) CH3CN containing 50 mM NH4OAc (pH 4.5) and 10 mM
TBAB at a flow rate of 0.7 cm3 min−1 with detection at 283 nm.
As shown in Figs. 3c and 3d, both the enzymatic reactions did
not give good results; yields of the free glucuronide 1 after 4 h
incubation with DMSO and t-BuOH as co-solvents, determined
by HPLC, were ca. 30 and 10%, respectively.


LAS-catalysed hydrolysis of 8–10 to 12–14 (route A)


Methyl ester of diclofenac 1-b-O-acyl glucuronide 12. Incu-
bation was started by the addition of a solution of 8 (50 mg,
0.082 mmol) in DMSO (32 cm3) to 128 cm3 of 25 mM sodium
citrate buffer (pH 5.0), LAS (1.6 g, 10 mg cm−3 incubation mixture)
was dissolved at 40 ◦C and the mixture stirred magnetically for
3 h. The conversion yield to 12 was 94% by HPLC analysis. The
reaction mixture was then filtered and the filtrate was loaded
on an Amberlite XAD-4 column (5 g), which had been washed
thoroughly with acetone and then equilibrated with water. The
column was washed with water (50 cm3) and then 30% CH3CN
(50 cm3). The hydrolysed product 12 was eluted with 80% CH3CN
(50 cm3) with a recovery yield of 97% (by HPLC analysis).
The solvent was evaporated to provide 12. A portion of the
sample was purified by recrystallisation from CH3CN to confirm
the structure by spectral analyses. m/z (FAB, positive) MNa+,
508.0538. C21H21Cl2NO8Na requires m/z 508.0540; dH (400 MHz,
d6-DMSO) 3.21–3.39 (3H, m, C2-, C3- and C4-H), 3.64 (3H, s,
CO2CH3), 3.82–3.93 (3H, m, ArCH2 and C5-H), 5.28 (1H, d,
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J 4.9, OH, exchangeable with D2O), 5.41 (1H, d, J 5.6, OH,
exchangeable with D2O), 5.43 (1H, d, J 4.9, OH, exchangeable
with D2O), 5.50 (1H, d, J 8.1, C1-H), 6.22 (1H, d, J 8.1, Ar-
H), 6.84 (1H, t, J 7.6, Ar-H), 6.93 (1H, s, NH), 7.06 (1H, t,
J 7.6, Ar-H), 7.21 (2H, t, J 7.8, Ar-H), and 7.52 (2H, d, J
8.3, Ar-H); dC (100 MHz, d6-DMSO) 36.61, 51.96, 71.21, 72.17,
75.18, 75.82, 94.59, 115.65, 120.51, 122.31, 126.15, 127.90, 129.11,
131.01, 131.04, 136.99, 142.90, 168.80 and 170.32.


Methyl ester of mefenamic acid 1-b-O-acyl glucuronide 13.
Incubation was started by the addition of a solution of 9
(40 mg, 0.072 mmol) in DMSO (48 cm3) to 144 cm3 of 25 mM
sodium phosphate buffer (pH 6.0), LAS (3.6 g, 15 mg cm−3


incubation mixture) was dissolved at 40 ◦C and the mixture stirred
magnetically for 5 h. The conversion yield to 13 was 90% by
HPLC analysis; the mobile phase for HPLC analysis was 60%
(v/v) CH3CN containing 50 mM NH4OAc (pH 4.5) and 10 mM
TBAB and the detection was at 283 nm. The reaction mixture was
then filtered and the filtrate was loaded on an Amberlite XAD-4
column (5 g), which was prepared as described for the purification
of 12. The column was washed with water (50 cm3) and then
40% CH3CN (50 cm3). The hydrolysed product 13 was almost
quantitatively recovered by elution with 90% CH3CN (50 cm3).
The solvent was evaporated to provide 13. A portion of the
sample was purified by recrystallisation from CH3CN to confirm
the structure by spectral analyses. dH (270 MHz, CD3OD) 2.13
(3H, s, ArCH3), 2.31 (3H, s, ArCH3), 3.67–3.60 (3H, m, C2-, C3-
and C4-H), 3.76 (3H, s, CO2CH3), 4.04 (1H, d, J 9.6, C5-H), 5.76
(1H, d, J 7.6, C1-H), 6.69–6.59 (2H, m, Ar-H), 7.06–7.11 (3H,
m, Ar-H), 7.27 (1H, t, J 7.3, Ar-H), 8.04 (1H, d, J 8.2, Ar-H),
9.10 (1H, s, NH); dC (67.5 MHz, d6-DMSO) 14.09, 20.60, 52.92,
72.96, 73.66, 77.38, 95.65, 110.62, 114.50, 117.19, 124.78, 127.22,
128.37, 132.93, 133.87, 136.08, 139.45, 151.54, 151.70, 168.33,
170.85.


Methyl ester of (S)-naproxen 1-b-O-acyl glucuronide 14. Incu-
bation was started by the addition of a solution of 10 (44 mg,
0.081 mmol) in 2-methoxyethanol (32 cm3) to 128 cm3 of 25 mM
sodium citrate and phosphate buffer (pH 5.5), LAS (2.4 g,
15 mg cm−3 incubation mixture) was dissolved at 40 ◦C and
the mixture stirred magnetically for 2 h. The conversion yield
to 14 was 90% by HPLC analysis; the mobile phase for HPLC
analysis was 50% (v/v) CH3CN containing 50 mM NH4OAc
(pH 4.5) and 10 mM TBAB and the detection was at 271 nm.
The reaction mixture was then filtered and the filtrate was loaded
on an Amberlite XAD-4 column (5 g), which was prepared as
described for the purification of 12. The column was washed with
water (50 cm3) and then 40% CH3CN (50 cm3). The hydrolysed
product 14 was almost quantitatively recovered by elution with
90% CH3CN (50 cm3). The solvent was evaporated to provide
14. A portion of the sample was purified by recrystallisation
from CH3CN to confirm the structure by spectral analyses. dH


(270 MHz, CD3OD) 1.55 (3H, d, J 7.3, CHCH3), 3.39–3.52 (3H,
m, C2-, C3- and C4-H), 3.69 (3H, s, CO2CH3), 3.88–3.98 (5H, m,
C5-H, CHCH3 and ArOCH3), 5.52 (1H, d, J 7.9, C1-H), 7.09 (1H,
dd, J 2.6 and 8.9, Ar-H), 7.18 (1H, d, J 2.0, Ar-H), 7.37 (1H, dd,
J 2.0 and 8.6, Ar-H) and 7.66–7.72 (3H, m, Ar-H); dC (67.5 MHz,
CD3OD) 19.16, 46.39, 52.86, 55.71, 72.88, 73.53, 77.32, 95.84,
106.55, 119.91, 127.13, 127.23, 128.26, 130.25, 130.39, 135.28,
136.49, 159.18, 170.79 and 174.88.


PLE-catalysed hydrolysis of 12–14 to 1–3 (route A)


Diclofenac 1-b-O-acyl glucuronide 1. The methyl ester 12
(46 mg, 95 lmol) was dissolved in t-BuOH (28 cm3) and the
solution was poured into 123 cm3 of 25 mM sodium citrate buffer
(pH 5.0). To the resultant solution, PLE (76 mg, 0.4 mg cm−3


incubation mixture) dissolved in an aqueous solution (38 cm3) was
added and incubated at 40 ◦C for 4 h. The conversion yield to 1
was 92% by HPLC analysis (the mobile phase is described above).
The reaction mixture was then acidified (to pH ca. 3) with 6 M
HCl and then filtered off. The filtrate was loaded on an Amberlite
XAD-4 column (5 g), which was prepared as described above. The
column was washed with water (100 cm3) and then eluted with
30% CH3CN (50 cm3) and 80% CH3CN (50 cm3). Both aqueous
CH3CN fractions, containing 1, were combined and evaporated
to provide 1 as a white solid in almost quantitative recovery yield.
m/z (ESI, negative) [M − H]−, 470.0409. C20H18Cl2NO8 requires
m/z 470.0409; dH (400 MHz, CD3OD) 3.43–3.76 (4H, m, C2-, C3-,
C4- and C5-H), 3.90 (2H, s, ArCH2), 5.53 (1H, d, J 6.6, C1-H), 6.35
(1H, dd, J 1.0 and 7.9, Ar-H), 6.86 (1H, dt, J 1.0 and 7.6, Ar-H),
7.03 (2H, t, J 7.6, Ar-H), 7.19 (1H, dd, J 1.3 and 7.6, Ar-H) and
7.35 (2H, d, J 8.2, Ar-H); dC (100 MHz, CD3OD) 20.73, 38.60,
72.94, 73.62, 77.17, 77.42, 95.95, 118.79, 122.88, 125.22, 125.86,
129.02, 130.00, 131.48, 132.23, 139.36, 144.53, 172.67 and 175.19.


Mefenamic acid 1-b-O-acyl glucuronide 2. The methyl ester
13 (27 mg, 63 lmol) was dissolved in DMSO (32 cm3) and the
solution was poured into 96 cm3 of 25 mM sodium phosphate
buffer (pH 6.0). To the resultant solution, PLE (65 mg, 0.4 mg cm−3


incubation mixture) dissolved in an aqueous solution (32 cm3) was
added and incubated at 40 ◦C for 1.5 h. The conversion yield to
2 was 99% by HPLC analysis; the mobile phase was 50% (v/v)
CH3CN containing 50 mM NH4OAc (pH 4.5) and 10 mM TBAB
at a flow rate of 0.7 cm3 min−1 with detection at 283 nm. The
reaction mixture was acidified with 6 M HCl (to pH ca. 3) and
then filtered off. The filtrate was loaded on an Amberlite XAD-4
column (5 g), which was prepared as described above. The column
was washed with water (100 cm3) and then with 50% CH3CN
(50 cm3) and eluted with 80% CH3CN (50 cm3). The fraction was
evaporated to give 2 as a white solid in almost quantitative yield.
m/z (FAB, positive) MNa+, 440.1312. C21H23NO8Na requires m/z
440.1317; dH (270 MHz, CD3OD) 2.14 (3H, s, ArCH3), 2.32 (3H, s,
ArCH3), 3.58–3.31 (3H, m, C2-, C3- and C4-H), 3.77 (1H, d, J
9.6, C5-H), 5.77 (1H, d, J 7.6, C1-H), 6.60–6.69 (2H, m, Ar-H),
7.03–7.10 (3H, m, Ar-H), 7.25 (1H, t, J 7.9, Ar-H), 8.07 (1H,
dd, J 1.6 and 8.2, Ar-H) and 9.14 (1H, s, NH); dC (100 MHz,
CD3OD) 14.10, 20.61, 73.47, 73.87, 76.76, 78.01, 95.96, 111.16,
114.45, 117.13, 124.59, 127.16, 128.21, 133.05, 133.76, 135.83,
139.40, 139.69, 151.39, 168.62 and 176.34.


(S)-Naproxen 1-b-O-acyl glucuronide 3. The methyl ester 14
(38 mg, 90 lmol) was dissolved in DMSO (14 cm3) and the solution
was poured into 56 cm3 of 25 mM sodium citrate and phosphate
buffer (pH 5.5) in which PLE was dissolved (28 mg, 0.4 mg cm−3


incubation mixture) and then incubated at 40 ◦C for 3 h. The
conversion yield to 3 was 90% by HPLC analysis; the mobile phase
was 45% (v/v) CH3CN containing 50 mM NH4OAc (pH 4.5) and
10 mM TBAB at a flow rate of 0.7 cm3 min−1 with detection at
271 nm. The reaction mixture was acidified (to pH ca. 3) with
6 M HCl and then filtered off. The filtrate was loaded on an
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Amberlite XAD-4 column (5 g), which was prepared as described
above. The column was washed with water (100 cm3) and then
with 25% CH3CN (50 cm3) and eluted with 80% CH3CN (50 cm3).
The fraction was evaporated to give 3 as a white solid in almost
quantitative recovery yield. m/z (SIMS, positive) MH+, 407.1302.
C20H23NO9 requires m/z 407.1321; dH (400 MHz, CD3OD) 1.56
(3H, d, J 7.2, CHCH3), 3.30–3.50 (3H, m, C2-, C3- and C4-H), 3.84
(1H, d, J 8.8, C5-H), 3.88 (3H, s, ArOCH3), 3.97 (1H, q, J 7.2,
CHCH3), 5.53 (1H, d, J 8.1, C1-H), 7.09 (1H, dd, J 2.4 and 8.9,
Ar-H), 7.18 (1H, s, Ar-H), 7.39 (1H, dd, J 1.7 and 8.5, Ar-H) and
7.67–7.72 (3H, m, Ar-H); dC (100 MHz, CD3OD) 19.23, 46.46,
55.72, 73.02, 73.60, 77.27, 77.60, 95.82, 106.54, 119.88, 127.14,
127.29, 128.26, 130.29, 130.41, 135.27, 136.58, 159.17, 172.87 and
174.92.


Assay of purity of 1-b-O-acyl glucuronides 1–3. 1-b-O-Acyl
glucuronides 1–3 were treated with 0.05 M NaOH at 37 ◦C
for 15 min to complete the hydrolysis of the ester linkage and
the amounts of the corresponding carboxylic acids (5–7) formed
were determined by HPLC. In addition, the same amounts of
the glucuronides 1–3 were incubated with b-glucuronidase (from
bovine liver, Sigma) in 100 mM AcOH–NaOH buffer (pH 5.0)
at 37 ◦C for 15 min and the amounts of 5–7 formed were also
determined. The purities of 1–3 as 1-b-O-acyl glucuronides were
calculated from the amounts of 5–7 formed under both set of
conditions.
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A sequence involving dihydroxylation and acid induced frag-
mentation of silene generated silacyclohexenes represents the
key step in a concise synthetic route to b-hydroxy-d-lactones.


d-Lactones, specifically b-hydroxy-d-lactones, are found as com-
ponents of many bioactive natural products. In addition they also
represent useful building blocks for the synthesis of more complex
structures. The prelactones, 1–4 are a sub-group of this class of
compounds isolated from various polyketide macrolide-producing
microorganisms. First isolated from the bafilomycin-producing
Streptomyces griseus, by Bindseil and Zeeck in 1993,1 prelactone B
(1) represents an early metabolite in the biosynthesis of polyketide
antibiotics. Although a direct product of the polyketide synthase
(PKS) enzyme responsible for the synthesis of the macrolide,
prelactone B is not incorporated into the natural macrolide and it
is believed that it is a shunt product of the biosynthetic pathway.
Reflecting the general interest in this biosynthetic pathway and
the potential of these compounds in other synthetic strategies a
number of synthetic routes have been reported.2


We have recently described the development of a new synthetic
methodology for the generation of silacyclohexenes through the
[4 bū 2] cycloaddition of silenes (compounds containing a Si=C
double bond) with dienes and their subsequent elaboration to d-
lactones.3 In this communication we describe how the allyl silane
component of the silacyclohexene can be used to provide a stereo-
controlled synthetic route to b-hydroxy-d-lactones exemplified by
a short synthesis of prelactone B.


The synthesis begins with the silene–diene Diels–Alder reaction
which produces the silacyclohexenes 7–9 in good overall yield,
favouring the product 7 arising from a Z(Si) silene 6 reacting
in an endo Si–Ph orientation (7a : 8a : 9a, 70 : 20 : 10;
7b : 8b : 9b, 80 : 20 : 0), Scheme 1. These are obtained as
an inseparable mixture of isomers with the minor components
reflecting the presence of small amounts of exo addition and trace
amounts of the adducts of the alternative E(Si) silene. Our initial
synthetic plan suggested that the desired hydroxylactones could be
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South Road, Durham, UK DH1 3LE. E-mail: p.g.steel@durham.ac.uk;
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accessed through hydroboration of the silacyclochexene with the
regiochemistry directed by the allyl silane unit followed by alcohol
protection, Fleming–Tamao oxidation and oxidative cyclisation
of the resulting diol. Although hydroboration afforded the desired
d-hydroxy silane we were unable to enhance the yield beyond ca.
45% and more importantly the subsequent steps proved inefficient.
Consequently we turned to explore alternative alkene oxidation
protocols. Ultimately dihydroxylation of the olefinic bond under
standard catalytic conditions4 afforded the silacyclic diols 10–12 in
excellent yield. At this stage, simple flash column chromatography
allowed separation of the minor silacycle stereoisomers providing
the desired diols 10a and 10b as single isomers.‡ Stereochemical
assignment of the required C-3 hydroxy unit was confirmed by 1H
NMR NOESY experiment, Fig. 1.


Fig. 1 Selected NOESY correlations for 10 and 14.


With the correct C-3 stereochemistry established, treatment
with BF3·2AcOH complex exploited the directing effect of the
silicon atom to afford, following oxidation under Fleming–Tamao
conditions, the corresponding allylic alcohol 13 without loss of
stereochemical integrity.5 Preliminary attempts to hydroborate the
terminal alkene at this stage were complicated by difficulties in
isolation of the resultant triols. Consequently, selective monopro-
tection of the diol at the allylic position was achieved on treatment
with TBDMSCl as confirmed by 1H NMR NOESY studies, Fig. 1.


Initial attempts at hydroboration of the protected diols 14
with borane–dimethylsulfide complex yielded, after oxidation,
a 1 : 1 mixture of regioisomeric alcohols. However, the use of
dicyclohexylborane directed the hydroboration to the terminal
end of the alkene with only trace amounts of the regioisomeric
product.6 Subsequent TPAP–NMO oxidation generated the lac-
tones. Without purification, silicon deprotection using Et3N·3HF
then afforded prelactone B 1 and the C-5 phenyl analogue 16 in
excellent overall yield. The 1H NMR, 13C NMR, IR and mass
spectra of these products were all in excellent agreement with
previously published data.2


In conclusion silene–cycloaddition chemistry enables a concise,
novel and flexible approach to the total synthesis of b-hydroxy-
d-lactones, typified by prelactone B. Current work is focused on
introducing enantioselectivity into this sequence and extending
the methodology to more highly substituted d-lactone natural
products.
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Scheme 1 Reagents and conditions (R = iPr, b R=Ph): (i) BuLi, 10 mol%
LiBr, 1,3-pentadiene, THF, −20 ◦C (7a : 8a : 9a [70 : 20 : 10] 40%, 7b :
8b : 9b [80 : 20 : 0] 45%); (ii) OsO4 (cat.), NMO, acetone–H2O (20 : 1),
0 ◦C to r.t., 30 min (10a 32%, 11/12a 12%; 10b 56%, 11/12b 26%);
(iii) BF3·2AcOH, DCM, r.t., 5 min then KHCO3, KF, H2O2, THF, reflux,
1 h (13a 64%, 13b 72%); (iv) TBSCl, imidazole, DCM, r.t., 1 h (14a 52%,
14b 70%); (v) (C6H11)2BH, THF, 0 ◦C to r.t., 1 h then H2O2, aq. NaOH
(3 M), reflux, 1 h (15a 60%, 15b 70%); (vi) TPAP, NMO, 4A MS, DCM,
r.t., 1 h, then Et3N·3HF, THF, 24 h (1 90%, 16 (R = Ph) 100%).


We thank the EPSRC for financial support of this work
(studentship to JDS); Dr A. M. Kenwright for assistance with
NMR experiments; Dr M. Jones and The EPSRC National Mass
Spectrometry Service, Swansea for mass spectra.


Notes and references


‡ (1SR,2RS,3SR,4SR,5SR)-4,5-Dihydroxy-3-methyl-1-phenyl-2-prop-2′-yl-
1-trimethylsilylsilacyclohexane (10a). A solution of silacycles 7–9a (0.05 g,


0.15 mmol) in acetone–water (2.1 ml, 20 : 1) was treated with NMO
(0.04 g, 0.3 mmol) and cooled to 0 ◦C. The solution was then treated
with a catalytic amount of osmium tetroxide (0.002 g, 0.007 mmol)
and reacted for 45 min. The reaction mixture was then treated with aq.
Na2S2O3 and extracted with EtOAc (3 × 5 ml). The combined organic
layers were dried over MgSO4, filtered, concentrated and dried in vacuo.
Flash chromatography (pet. ether–ether [1 : 1], [1 : 2]) afforded the title
compound 10a as a yellow oil (0.06 g, 32%); Rf (pet. ether–ether 1 : 1)
0.3 as a single diastereoisomer; tmax (thin film) 3498–3211, 2950, 2932,
2898, 2864, 1426, 1096, 1022, 992, 832, 731, 697 cm−1; dH (500 MHz;
CDCl3) 7.53–7.51 (2H, m, Ar–H), 7.31–7.30 (3H, m, Ar–H), 4.22–4.19
(1H, m, 5-H), 3.51–3.46 (1H, m, 4-H), 2.29–2.22 (1H, m, 3-H), 2.17–2.10
(1H, m, 2′-H), 1.39–1.34 (1H, dd, J 14, 9, 6-HH), 1.21–1.15 (1H, m,
6-HH), 1.09–1.07 (1H, dd, J 9, 6, 2-H), 1.05–1.04 (3H, d, J 7, CHCH3),
0.98–0.96 (3H, d, J 7, 3-CH3), 0.92–0.90 (3H, d, J 7, CHCH3), 0.21
(9H, s, Si(CH3)3); dC (126 MHz, CDCl3) 140.2 (ipso-Ar–C), 134.4 (Ar–C),
128.5 (Ar–C), 128.0 (Ar–C), 78.8 (4-C), 70.2 (5-C), 36.8 (2-C), 35.8 (3-C),
29.1 (2′-C), 23.8 (CHCH3), 19.4 (3-CH3), 16.5 (6-C), −0.4 (Si(CH3)3);
dSi (100 MHz, CDCl3) −17.90, −23.36; m/z (ESbū) 359 (M bū Nabū);
HRMS (ESbū) found 359.18339 (C18H32Si2O2Na requires 359.18330).
(3RS,4RS,5RS)-3,5-Dihydroxy-4,6-dimethylheptene (13a). To a solution
of silacyclic diol 10a (0.12 g, 0.3 mmol) in dry dichloromethane (4 ml)
was added trifluoroborane–acetic acid complex (0.09 ml, 0.6 mmol).
The solution was stirred for 15 min at room temperature then mixed
with saturated NaHCO3 solution (5 ml) and extracted with DCM (3 ×
10 ml). The combined organic layers were dried over MgSO4, filtered,
concentrated and dried in vacuo to give a colourless oil which was used
immediately in the following step. To the colourless oil was added KHCO3


(0.1 g, 1.0 mmol) and KF (0.04 g, 0.7 mmol). The mixture was dissolved
in methanol–THF solution (1 : 1, 4 ml) and a 35% w/w solution of
H2O2 in water (0.4 ml, 3.9 mmol) was added. The mixture was heated to
reflux and stirred for 1 h. The mixture was then allowed to cool to room
temperature and saturated Na2S2O3 solution (5 ml) was added together
with EtOAc (10 ml). The aqueous layer was separated and extracted with
EtOAc (3 × 10 ml). The combined organic layers were dried over MgSO4,
filtered, concentrated and dried in vacuo. Flash chromatography (pet.
ether–ether [9 : 1], [4 : 1], [3 : 2], [1 : 1], [1 : 2]) gave the title compound
13a as a colourless oil (0.02 g, 64%); Rf ( (pet. ether–ether 1 : 1) 0.3 as a
single diastereoisomer; tmax (thin film) 3525–3134, 2962, 2870, 1459, 1427,
1118, 1081, 974, 919, 844, 697, 639 cm−1; dH (500 MHz; CDCl3) 5.97–5.90
(1H, ddd, J 16, 10, 5, 2-H), 5.31–5.27 (1H, d, J 18, 1-Ha), 5.20–5.18 (1H,
d, J 10, 1-Hb), 4.41 (1H, s, 3-H), 3.40–3.39 (1H, m, 5-H), 3.11 (1H, –OH),
2.53 (1H, –OH) 1.92–1.86 (1H, qd, J 7, 3, 4-H), 1.85–1.79 (1H, m, 6-H),
0.95–0.93 (3H, d, J 8, 6-CH3), 0.93–0.92 (3H, d, J 8, 7-H3), 0.88–0.87
(3H, d, J 7, 4-CH3); dC (126 MHz, CDCl3) 138.9 (2-C), 115.4 (1-C), 79.8
(5-C), 75.1 (3-C), 39.6 (4-C), 30.6 (6-C), 20.0 (6-CH3), 16.0 (7-C), 12.2
(4-CH3); m/z (ESbū) 181.2 (M bū Nabū); HRMS (ESbū) Found 181.11991
(C9H18O2Na requires 181.11990).
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The iterative copper(I)-catalyzed cycloaddition (rt or micro-
wave) between an ethynyl a-C-mannoside and alkyl 6-azido-
a-C-mannoside derivatives was suited to the (1,6)-ligation
between a-D-mannose units through 1,4-disubstituted triazole
bridges, thus resulting in the formation of linear oligomers
(80–90% yield) with alternating triazole and mannose frag-
ments up to a triazolo-pentamannose derivative.


The preparation of carbohydrate-based libraries displaying a sub-
stantial number of compounds with structural and stereochemical
elements of diversity is a basic step in the search for biological,
biochemical and biophysical probes in service to glycobiology1


and in the identification and development of new therapeutics
or vaccines against largely diffuse human diseases such as cancer,
inflammation, and viral infections.2 With the current development
status of O-glycosidation methodology by solution and solid-
state chemistry,3 including sophisticated techniques to increase
the reaction efficiency and simplify the product isolation and
purification,4 there is a widespread perception that synthetic
glycochemistry is at the stage that permits one to embark on
projects toward the construction of O-oligosaccharides and O-
glycoconjugates with high structural complexity. In recent years
substantial advancements have also been made in the synthesis
of carbohydrate analogues where the glycosidic oxygen atom has
been replaced by another atom, functional group, or hetero-
aromatic ring. Accordingly, S-glycosides5 and C-glycosides6 have
been prepared with the main goal of obtaining glycosidase-
resistant substrates as probes and inhibitors of critical biological
processes. Conversely, acetyleno-oligosaccharides were designed
and synthetized7 as tools for studies on the role of hydrogen-
bonding in polysaccharides and in carbohydrate–nucleic acid
and carbohydrate–protein systems. The linking of a carbohydrate
covalently with another carbohydrate or non-carbohydrate residue
through a 1,2,3-triazole ring is also a recent and valuable
aquisition.8 The power of this approach for bioconjugation
chemistry in general9 relies primarily on the facile assembly
of the 1,4-disubstituted 1,2,3-triazole ring via a chemoselective
ligation reaction such as the modern Cu(I)-catalyzed version10


of the azide–alkyne 1,3-dipolar cycloaddition.11 Other positive
features include the biocompatibility of the reactants due to the
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‡ We propose the trivial name of triazolosaccharides for oligosaccharide
analogues where the glycosidic oxygen atom is replaced by a 1,2,3-triazole
ring.


orthogonal reactivity of the azido and acetylene groups to those
of the functional groups in biological systems and the inertness of
the triazole ring to metabolic transformations.12 Nevertheless, the
triazole core is more than a passive linker because it can participate
in hydrogen-bonding and dipole interactions, which can favor the
binding to biomolecular targets and improve solubility.8a,13 Within
this context, we report on the unprecedented iterative azide–alkyne
ligation resulting in the formation of a new class of oligosaccharide
analogues displaying the 1,2,3-triazole ring as a rigid and stable
linker between a-D-mannose residues (triazolo-oligomannoses).
The choice of mannose as the sugar fragment in these oligomers
was suggested by their potential use as mimetics of the manno-
oligosaccharide family members which constitute the essential
substructure of mycobacteria lipoglycans.2g,14


The orthogonally-substituted ethynyl a-C-mannoside 1 and the
alkyl 6-azido-a-C-mannoside 2 were designed as the building block
and platform respectively in the planned iterative methodology.
The use of C-glycosides was a prerequisite in our program with
the intention of constructing oligomers devoid of O-glycosidic
linkages and therefore highly resistant to chemical and enzymatic
degradation.15


The acetylene 1 was prepared in two steps and high yield
(87%) from the known O-perbenzylated ethynyl a-C-mannoside.16


Compound 1 was transformed into 2 (51%) by first converting
the ethynyl group into the ethyl methoxymethyl (MOM) ether and
then substitution of the primary OH at C-6 with N3. Thus, in the
first coupling reaction between 1 and 2 on a 130 mg scale, the
best conditions were established by the use of a slight excess of
1 (1.1 equiv.) in the presence of 0.2 equiv. of CuI and 4.0 equiv.
of base (N,N-diisopropylethylamine, DIPEA); the reaction was
carried out in toluene at room temperature and went to completion
in 10 h. The filtration of the crude product through a short
column of silica gel afforded the pure triazolo-dimannose 3 as
a single cycloadduct in very good isolated yield (Scheme 1). Then
the free hydroxy group in this product was transformed into
the azido group by treatment with diphenyl phosphoryl azide
(DPPA, 3.0 equiv.) and 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU,
2.0 equiv.) in dry DMF (120 ◦C, 20 h). From this reaction the azide
4 was obtained in good yield (Scheme 1) and served as substrate in
the subsequent cycloaddition with 1. The same coupling–azidation
sequence was repeated over two more cycles with similar efficiency
(see Scheme 1). Also a fourth coupling reaction afforded the
corresponding product 9 (triazolo-pentamannose) in good yield
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Scheme 1


and, therefore, at that stage we considered that the viability of the
explored route toward (1,6)-oligomannose analogues with triazole
linkers had been sufficiently demonstrated. Apparently, the only
disadvantage with this methodology resided with the long reaction
time (ca. 30 h) to perform the reaction sequence in each cycle
effectively. However, this problem was readily circumvented by
the use of microwave irradiation at 100 ◦C for the cycloaddition
and 120 ◦C for the azidation. Under these conditions the reaction
time of the first step was reduced to 5 min and that of the second
step to 2 h. Quite gratifingly, the yields of isolated products were
very close or identical to those registered in the reactions carried
out under conventional conditions.


Owing to the presence of a free hydroxy group and the
orthogonal protection of the others, the oligomer 9 appears to
be well tailored to the need of its selective elaboration into
products suitable for insertion into other substrates. However, the
transformation of 9 into the O-peracetylated derivative 10 and
the free hydroxy product 11 was carried out with the intention
of demonstrating the tolerance of the heavily protected oligomers
toward the elaboration into suitable products for biological tests
(Scheme 2). Thus, MOM was first removed from 9 by the action
of CF3CO2H and all the other hydroxy groups were liberated by
debenzylation with BCl3; treatment of the reaction mixture with
acetic anhydride afforded 10 in very good yield. A pure sample of
the free hydroxy product 11 was obtained by deacetylation of 10
with sodium methoxide. In addition of being an easily manipulable
product, compound 10 displayed a 13C NMR spectrum that served
beautifully for the structural assignment of the four triazole rings.
In fact, while the 1,4-disubstitution array was readily established17


in the first coupling product 3, we wished to prove unequivocably
the occurrence of the azide–alkyne cycloaddition with the same
regiochemistry over the four consecutive cycles. To our delight
this was found to be the case. In fact, driven by an earlier valuable
study,18 the 13C NMR analysis of 10 was carried out. The spectrum
showed four pairs of signals, one for each triazole ring, displaying
large D(dC4–dC5) values (ca. 18 ppm). This result corroborated
the 1,4-disubstituted structure for all triazole rings since much
smaller and even negative D(dC4–dC5) values were expected for 1,5-
disubstituted regioisomers.17,18


In conclusion we have demonstrated the efficiency and fidelity
of the Cu(I)-catalyzed azide–alkyne ligation strategy in an iterative


Scheme 2


methodology leading to the new class of (1,6)-oligomannose
analogues displaying the triazole ring as a linker. Since the
coupling reaction was repeated four times with similar and high
levels of efficiency, it is likely that the limit of application of the
methodology was not reached. The extension of the scope of this
methodology to the synthesis of (1,2)-oligomannose analogues as
well as to branched oligomers now becomes of great interest. Also,
the performance of the two-reaction iterative protocol by a solid-
phase techique eventually in a fully automatized manner will be
the subject of further studies.
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and R. J. Linhardt, J. Org. Chem., 2005, 70, 8197–8200; (f) D. B. Werz
and P. H. Seeberger, Angew. Chem., Int. Ed., 2005, 44, 6315–6318; (g) X.
Wu and D. R. Bundle, J. Org. Chem., 2005, 70, 7381–7388.


3 For recent reviews, see: Solid Support Oligosaccharide Synthesis and
Combinatorial Carbohydrate Libraries, ed. P. H. Seeberger, Wiley
Interscience, New York, 2001; Best Synthetic Methods: Carbohydrates,
ed. H. M. I. Osborn, Academic Press, London, 2003; P. M. St.
Hilaire and M. Meldal, Angew. Chem., Int. Ed., 2000, 39, 1162–1179;
P. H. Seeberger and W.-C. Haase, Chem. Rev., 2000, 100, 4349–4394;
K. M. Koeller and C.-H. Wong, Chem. Rev., 2000, 100, 4465–4493;
H. Herzner, T. Reipen, M. Schultz and H. Kunz, Chem. Rev., 2000,
100, 4495–4537; P. Sears and C.-H. Wong, Science, 2001, 291, 2344–
2350; K. C. Nicolaou and H. J. Mitchell, Angew. Chem., Int. Ed.,
2001, 40, 1576–1624; A. V. Demchenko, Synlett, 2003, 1225–1240; P. H.
Seeberger, Chem. Commun., 2003, 1115–1121; D. Crich and L. B. L.
Lim, Org. React., 2004, 64, 115–251.


4 A. Dondoni, A. Marra and A. Massi, Angew. Chem., Int. Ed., 2005,
44, 1672–1676, and refs. cited therein.


5 J. R. Rich, A. Szpacenko, M. M. Palcic and D. R. Bundle, Angew.
Chem., Int. Ed., 2004, 43, 613–615, and refs. cited therein.


6 M. H. D. Postema, C-Glycoside Synthesis, CRC Press, Boca Raton,
1995; J.-M. Beau and T. Gallagher, Top. Curr. Chem., 1997, 187, 1–54;
A. Dondoni and A. Marra, Chem. Rev., 2000, 100, 4395–4421; X. Yuan
and R. J. Linhardt, Curr. Top. Med. Chem., 2005, 5, 1393–1430.


7 J. Alzeer, C. Cai and A. Vasella, Helv. Chim. Acta, 1995, 78, 242–264;
K. V. S. N. Murty, T. Xie, B. Bernet and A. Vasella, Helv. Chim. Acta,
2006, 89, 675–730, and all the preceeding papers on the same topic
from the senior author (A. V.) laboratory.


8 For selected examples, see: (a) F. Fazio, M. C. Bryan, O. Blixt, J. C.
Paulson and C.-H. Wong, J. Am. Chem. Soc., 2002, 124, 14397–14
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