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This article describes the synthesis of a library of structurally diverse bifunctional organocatalysts
bearing both a quasi-Lewis acidic (thio)urea moiety and a Brønsted basic tertiary amine group.
Sequential modification of the modular catalyst structure and subsequent screening of the compounds
in the alcoholytic dynamic kinetic resolution (DKR) of azlactones revealed valuable structure–activity
relationships. In particular, a “hit-structure” was identified which provides e.g. N-benzoyl-tert-leucine
allyl ester in an excellent enantiomeric excess of 95%.


Introduction


The simultaneous activation of both nucleophilic and electrophilic
substrates is a general concept of enzyme catalysis.1 The synergistic
cooperation of two functional groups in the active site helps
to improve the reactivity as well as the stereodiscrimination. To
achieve efficient double catalytic activation of the reaction part-
ners, the two complementary functionalities have to be suitably
positioned in a chiral environment.2 This powerful concept has
been successfully implemented by synthetic organic chemists for
a variety of asymmetric transformations.3 The Lewis basic part of
the catalysts is often taken over by “organic” bases such as amines
and phosphine oxides. On the other hand, transition metals were
usually applied as Lewis acids for the activation of electrophilic
substrates. One of the rare examples of purely organic quasi-Lewis
acids is the (thio)urea moiety which is able to activate by forming
hydrogen bonds with appropriate acceptors.4 This property was
utilized to develop efficient organocatalysts5 which can activate
carbonyl groups and related functionalities6 for the attack of
nucleophiles. Takemoto et al. combined a thiourea moiety with
a tertiary amine in an effective bifunctional organocatalyst (1a
in Scheme 1) for enantioselective Michael additions and the aza-
Henry reaction.7


Scheme 1 Takemoto’s catalyst 1a and the bifunctional mode of activation
for the DKR of azlactones (X = S, O).
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We reasoned that compounds of this general structure could also
be efficient catalysts for the asymmetric alcoholytic ring opening
of azlactones and oxazinones.8,9 The azlactone carbonyl can be
activated by double hydrogen bonding from the quasi-Lewis acidic
(thio)urea while the Brønsted basic tertiary amine can increase
the nucleophilicity of the alcohol (Scheme 1). Because of the
configurational lability of azlactones, asymmetric alcoholytic ring
opening of these species leads to highly valuable protected a-amino
acid derivatives via dynamic kinetic resolution (DKR) (Scheme 2).


Scheme 2 Basic principle of the DKR of azlactones.


In this article, we describe the synthesis of a library of
bifunctional (thio)urea based organocatalysts and their screening
in the DKR of azlactones.


Results and discussion


The goal of our initial experiments was to examine the catalytic
activities of both Brønsted basic tertiary amine and quasi-
Lewis acidic (thio)urea functionalities individually, as well as in
combination. It is particularly noteworthy that the X-ray crystal
structure of the urea catalyst 26b revealed bifurcate intermolecular
hydrogen bonding between the urea N–H groups and the urea
oxygen atom of a neighbouring molecule of 26b (Fig. 1). The
urea moiety of 26b is planar and there is no intramolecular
H bond to the N atom of the tertiary amine. Thus, the H-bonding
behaviour of 26b, as revealed by its crystal structure, corresponds
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Fig. 1 Packing of 26b in the crystal, intermolecular H bonding between
neighbouring molecules of 26b.


to the design features summarized in Scheme 1 for a bifunctional
organocatalyst.


We first investigated the catalytic activity of NEt3 for the
ring opening of the benzyl substituted azlactone 2a with allyl
alcohol (Table 1, entry 1). Using 5 mol% of NEt3 after a reaction
time of 24 h, only 14% conversion was observed. Similarly,
when the symmetric urea 4 was used as the catalyst, even lower
conversion (4%) was achieved after 24 h (entry 2). However, when
a combination of 4 and NEt3 (5 mol% each) was applied, a
significantly higher conversion of 50% was obtained after 24 h
(entry 3). In the hope to achieve asymmetric induction, we tested
the chiral (thio)ureas 5a,b in combination with NEt3. In these
cases, similar levels of conversion were obtained as in the above
case (entries 4 and 5). Although the achieved enantioselectivities
were low, these experiments clearly proved the synergistic action
of the achiral amine and the chiral (thio)ureas.


As the next step, we synthezised a library of bifunctional
(thio)urea based organocatalysts. These compounds bearing both
a (thio)urea and a tertiary amine moiety within the same molecule
can be easily prepared by condensation of a chiral diamine and an
iso(thio)cyanate.


Table 1 Screening of amine bases and bis-ureas


Entry Catalyst Conversion (%)a ee (%)a


1 NEt3 14 —
2 4 4 —
3 4 + NEt3 50 —
4 5a + NEt3 50 <2
5 5b + NEt3 33 5


a Conversion and ee were determined by chiral HPLC analysis.


During the process of structure optimization, we first screened
the 3,5-bis(trifluoromethyl)phenyl ureas or thioureas derived from
twelve structurally distinct diamines. In this sense, we synthe-
sized ten compounds derived from 1,2-diamines 6–12 and three
from 1,4-diamines 13–15 (Table 2). As shown in Table 2, all
bifunctional (thio)ureas derived from 1,4-diamines were found
to be completely inactive for the alcoholytic ring opening of the
tert-butyl substituted azlactone 2b (entries 12–14). In contrast,
all the compounds containing 1,2-functionalities showed variable
activities and enantioselectivities (entries 1–11). The catalysts with
a quinuclidine backbone 6, 7, 11, 12, a proline derivative 8 and the
ephedrine derived catalyst 10 afforded enantioselectivities below
60%. Significantly higher enantioselectivities were obtained using
catalysts derived from pseudoephedrine 9 and trans-1,2-diamino
cyclohexane 1 (entries 5–7). In the case of thiourea 1a and urea
1b, similar conversions and comparable enantioselectivities were


Table 2 Optimization of the diamine backbone


Entry Catalyst Time/h Conversion (%)a ee (%)a


1 6a 72 78 38b


2 6b 72 68 45b


3 7 72 71 33b


4 8 48 5 21b


5 1a 48 69 83
6 1b 48 67 87
7c 1a 48 16 91
8 9 48 6 78b


9 10 72 9 <2
10 11 24 8 7
11 12 48 27 55
12 13 24 <2 <2
13 14 24 <2 <2
14 15 24 <2 <2


a Conversion and ee were determined by chiral HPLC analysis.
b (S)-Enantiomer was formed in excess. c Reaction was carried out at
−20 ◦C.
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Table 3 Variation of the tertiary amine part


Entry Catalyst R2 R3 Conversion (%)a ee (%)a


1 1b Me Me 67 87
2 1c −(CH2)4– 75 75
3 1d Et Et 16 73
4 1e Bn Bn <2 n.d.
5 1f Me Bn <2 n.d.
6 1g Allyl Allyl <2 n.d.


a Conversion and ee were determined by chiral HPLC analysis.


achieved at room temperature (entries 5 and 6). However, in the
case of catalyst 1a, by lowering the temperature to −20 ◦C, the
enantioselectivity could be increased to 91% albeit at the expense
of reaction rate (entry 7). For further optimization of the catalyst
structure, trans-1,2-diamino cyclohexane was exclusively used as
the diamine backbone.


We next turned our attention to the substitution pattern on the
Brønsted basic tertiary amine part of the catalyst (Table 3). The
exchange of the dimethylamino group for a pyrrolidine unit (1c)
resulted in slightly higher conversion (75% compared to 67%)
and a lower enantioselectivity of 75% compared to 87% with
catalyst 1b (entries 1 and 2). Increasing the steric demand of the
N-substituents from methyl to ethyl resulted in drastically
diminished conversion (67 to 16% after 48 h, entries 1 and 3). A
similar but less pronounced trend was observed for the enantio-
selectivities, with a drop of ee from 87 to 73%. Further increase in
steric bulk of the substituents completely eliminates the catalytic
activity (entries 4–6). It is interesting to note that even the
replacement of one methyl group on the tertiary amine by a benzyl
group (1f) is sufficient to inactivate the catalyst (entry 5). These
examples demonstrate that the catalytic activity is quite sensitive
to the substituents on the tertiary amine nitrogen atom whereas
the selectivity is almost unaffected by these substituents.


Having optimized the diamine part of the catalyst to N,N-
dimethyl-1,2-diaminocyclohexane, we went on for further screen-
ing to find out the optimum substituent on the other (thio)urea
nitrogen atom. At this stage of optimization, the best catalysts
we found in terms of both activity and enantioselectivity were
the bifunctional thiourea 1a and urea 1b containing the 3,5-
bis(trifluoromethyl)phenyl moiety (see Table 2, entries 5–7). We
reasoned that changing the steric and electronic properties of
the substituent at this part of the molecule would substantially
influence both the catalytic activity as well as the enantioselectivity.
For this purpose, we synthesized several ureas and thioureas
containing substituents with varying steric and electronic demand
(Table 4). First, we replaced the 3,5-bis(trifluoromethyl)phenyl
moiety of compound 1b with only a hydrogen atom. To our


Table 4 Optimization of the (thio)urea N-substituents


Entry Catalyst Time/h Conversion (%)a ee (%)a


1b 16 24 7 58
2 17 48 66 86
3 18 48 9 84
4 19 48 12 82
5 20 66 35 78
6 21 48 13 81
7 22 48 47 87
8 23 48 33 88
9 24 48 32 87


10 25 48 30 80
11 26a 72 28 85
12 26b 24 18 88
13 27a 24 23 91
14 27b 48 26 90
15 27c 48 28 95
16 27d 48 38 92
17 27e 48 15 86
18 28 24 3 77
19 29 48 23 92


a Conversion and ee were determined by chiral HPLC analysis.
b Phenylalanine-derived azlactone rac-2a was used as substrate.


surprise, even this simplest bifunctional urea derivative 16 proved
to be moderately enantioselective in the ring opening of the
phenylalanine-derived azlactone 2a although the activity was low
(entry 1). Because of its higher reactivity towards alcoholytic
ring opening, the phenylalanine-derived azlactone was chosen in
this particular case instead of azlactone 2b. The exchange of the
trifluoromethyl groups of catalyst 1b with nitro groups gave the
urea 17 which showed similar activity and enantioselectivity as
1b (entry 2). In contrast, the urea 18 containing the electron rich
and bulky mesityl substituent on the urea nitrogen atom showed
considerably lower conversion (9%), whereas the enantioselectivity
remained almost the same (entry 3). In line with this observation,
the pyridine substituted thiourea 19 was found to have similar
catalytic behaviour as the mesityl urea 18 with 12% conversion and
82% ee after 48 h (entries 3 and 4). In the next stage of the optimiza-
tion, we examined a series of bifunctional organocatalysts bearing
simple aliphatic substituents with increasing sterical demand
(20–22, 24). Methyl and benzyl substituted catalysts 20 and 21
provided similar enantioselectivities of 78 and 81% respectively but
with lower conversions (entries 5 and 6). Cyclohexyl substitution
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(thiourea 22), on the other hand, increased both reactivity and
enantoselectivity. After 48 h, the product 3b was obtained in
87% ee and with a conversion of 47% (entry 7). Please note
that the C2-symmetric bifunctional thiourea 23 showed selectivity
comparable to 22 (entry 8). Further enhancement of steric bulk
by exchanging the cyclohexyl for a 1-adamantyl group (catalyst
24) did not improve the selectivity but the conversion dropped
from 47 to 32% (entries 7 and 9). The idea to enhance reactivity
by incorporating two active centers in a single molecule yielded
compound 25 (Table 4). Unfortunately, the reaction rate was not
improved significantly when 5 mol% 25 was used as the catalyst in
our test reaction (entry 10). However, the selectivity obtained was
on the same level as with catalysts 20 and 21 (vide supra).


After studying the effect of various achiral substituents at the
(thio)urea nitrogen atom, we set out to investigate the influence of
an additional chiral centre at this part of the molecule. Incorpora-
tion of a 1-phenylethyl group furnished the two diastereomeric
catalysts 26a–b, neither of them showing enhanced selectivity
(entries 11–12). We reasoned that inclusion of a bulkier group
at the additional chiral centre might have a beneficial effect on the
selectivity of the DKR. To prove this, we synthesized the L-tert-
leucine amide-derived catalysts 27a–e with different substituents at
the amide nitrogen atom (Table 4). To our delight, enhancement in
enantioselectivity, with a “jump” of ee values to the range >90%
resulted with catalysts 27a–d (entries 13–16). It was found that
the substitution pattern of the amide controls both reactivity and
enantioselectivity. Whereas N,N-dimethyl and N,N-diethyl amide
catalysts 27a and 27b showed comparable selectivities of 90% and
91% ee, respectively, changing to N-methyl-N-benzyl substituents
in 27c significantly improved the selectivity (entries 13–15). After
48 h, the product ester 3b was formed with 28% conversion and
an excellent ee of 95% (entry 15). At this point, it is interesting
to note that the “mismatched” diastereomeric catalyst 28, derived
from D-tert-leucine, provided significantly lower conversion and
enantioselectivity (77% vs. 95%; entry 18). Replacement of the
methyl group of the “matched” catalyst 27c with a hydrogen atom
(27d) increased the reaction rate (from 28 to 38% after 48 h) at
the expense of enantioselectivity (95 vs. 92% ee; entries 15 and
16). That the optimum steric bulk of these substituents is essential
for providing efficient catalytic performance is supported by the
behaviour of the N,N-diisobutyl amide catalyst 27e: both lower
conversion (15%) and selectivity (86% ee) were obtained after 48 h
(entry 17). In line with this argumentation, increasing the steric
demand of the substituent at the additional chiral centre from tert-
butyl to neopentyl in 29 did not provide any further enhancement
(entry 19).


Conclusions


In summary, we have described the synthesis and screening of a
library of (thio)urea-based bifunctional organocatalysts for the
alcoholytic DKR of azlactones. Due to the modular structure
of the compounds, it was possible to vary different parts of the
catalyst structure independently. This allowed us to identify and
optimize the parts of the catalyst structure which are crucial for
both high reactivity and enantioselectivity. By this approach, the
catalyst 27c was found to be optimally selective in the DKR of
tert-leucine derived azlactone 2b with allyl alcohol.


Experimental


General


All reactions were carried out in oven-dried or flame-dried round
bottomed flasks, and the reactions were conducted under a
positive pressure of argon, unless otherwise stated. Stainless steel
syringes or cannulae were used to transfer air- and/or moisture-
sensitive liquids. Chromatographic separations were performed
using silica gel 60 (230–400 mesh) from MN GmbH & Co.
Commercial reagents were purchased from standard suppliers,
and used as received. Solvents were distilled and dried prior to
use following standard procedures.10 Nuclear magnetic resonance
(1H and 13C) spectra were recorded on Bruker AC250 (250 MHz),
Bruker AC300 (300 MHz), Bruker DPX300 (300 MHz) or Bruker
DRX500 (500 MHz) NMR spectrometers. Chemical shifts for
protons and carbon atoms are reported in parts per million
(ppm) downfield from tetramethylsilane and are referenced to
residual protons in the NMR solvent (CHCl3: d 7.24) and carbon
resonances of the solvent (CDCl3: d 77.0) respectively. Infrared
(IR) spectra were recorded on a Perkin-Elmer 1600 Series FTIR
or Perkin-Elmer Paragon 1000 FT-IR spectrometer with ATR
technique. Data are reported as: wave number of absorption
band (cm−1), intensity of absorption band (vs = very strong, s =
strong, m = medium, w = weak, br = broad, sh = sharp).
Chiral HPLC analyses were performed using Agilent 1100 Series
or Merck-Hitachi Lachrom HPLC instruments. Melting points
were measured on a Büchi 535 Melting Point apparatus and are
uncorrected. HRMS data were recorded on a Finnigan MAT 900S
instrument (Dmu = 5). Optical rotations were measured using a
1 mL cell with a 1 dm path length on a Perkin-Elmer 343plus
polarimeter at 20 ◦C.


Synthesis of azlactones


The azlactones were prepared by cyclodehydration of the corre-
sponding racemic N-benzoyl amino acids with acetic anhydride
according to the procedure by Goodman and Glaser.11


2-Phenyl-4-benzyloxazolone rac-2a. Compound rac-2a was
prepared from rac-N-benzoylphenylalanine (1.00 g, 3.71 mmol)
and isolated as a crystalline solid (730 mg, 78%). Mp 69–70 ◦C
[lit.12 70–71 ◦C]. 1H-NMR (300 MHz, CDCl3): d = 3.19 (dd, J =
6.7, 14.0 Hz; 1H), 3.38 (dd, J = 4.9, 13.9 Hz; 1H), 4.70 (dd, J =
4.9, 6.7 Hz; 1H), 7.18–7.28 (m; 5H), 7.42–7.48 (m; 2H), 7.52–7.58
(m; 1H), 7.90–7.94 (m; 2H). 13C-NMR (75 MHz, CDCl3): d =
37.3, 66.5, 125.7, 127.2, 127.8, 128.4, 128.7, 129.5, 132.7, 135.2,
161.7, 177.6. FT-IR (ATR):m[cm−1] = 1827 (s), 1814 (s), 1651 (s),
1450 (w), 1323 (w), 1296 (m), 1079 (m), 1048 (m), 943 (w), 902
(m), 756 (w), 659 (s).


2-Phenyl-4-tert-butyloxazolone rac-2b. Compound rac-2b was
prepared from (S)-N-benzoyl-tert-leucine (1.00 g, 4.25 mmol) and
isolated as a crystalline white solid (580 mg, 63%). Mp 69 ◦C [lit.13


73–74 ◦C]. 1H-NMR (300 MHz, CDCl3): d = 1.14 (s; 9H), 4.08 (s;
1H), 7.46–7.60 (m; 3H), 8.00–8.04 (m; 2H). 13C-NMR (75 MHz,
CDCl3): d = 26.2, 35.9, 74.1, 125.9, 127.9, 128.7, 132.6, 161.2,
177.0. FT-IR (ATR): m[cm−1] = 1814 (m), 1652 (s), 1603 (s), 1346
(m), 1143 (w), 1066 (w), 1019 (m), 923 (w), 888 (m), 782 (w), 702
(m), 586 (w).
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Synthesis of allyl esters


The allyl esters 3a–b were prepared by reaction of the correspond-
ing racemic N-benzoyl amino acids with thionyl chloride (1.15 eq.)
in allyl alcohol as solvent.


2-Benzoylamino-3-phenylpropionic acid allyl ester 3a. Com-
pound rac-3a was prepared from rac-N-benzoylphenylalanine
(500 mg, 1.86 mmol, 1.00 eq.) and thionyl chloride (150 lL,
2.14 mmol, 1.15 eq.) in allyl alcohol (3.5 mL), and isolated as
a white solid (482 mg, 84%). Mp 70 ◦C. 1H-NMR (300 MHz,
CDCl3): d = 3.19–3.34 (m; 2H), 4.63–4.66 (m; 2H), 5.07–5.15 (m;
1H), 5.25–5.38 (m; 2H), 5.82–5.98 (m; 1H), 6.60 (d, J = 7.62 Hz;
1H), 7.12–7.52 (m; 8H), 7.70–7.75 (m; 2H). 13C-NMR (75 MHz,
CDCl3): d = 37.9, 55.5, 66.2, 119.2, 127.0, 127.2, 128.6, 129.4,
131.3, 131.7, 133.9, 135.8, 166.8, 171.3. FT-IR (ATR): m[cm−1] =
3313 (w), 2926 (m), 1741 (s), 1642 (s), 1601 (m), 1579 (m), 1530 (s),
1487 (m), 1453 (w), 1180 (m), 1099 (m), 987 (w), 933 (w), 700 (m).


2-Benzoylamino-3,3-dimethylbutyric acid allyl ester 3b. Com-
pound rac-3b was prepared from rac-N-benzoyl-tert-leucine
(500 mg, 2.13 mmol, 1.00 eq.) and thionyl chloride (172 lL,
2.45 mmol, 1.15 eq.) in allyl alcohol (3.5 mL), and isolated as
a colourless oil (270 mg, 46%). 1H-NMR (300 MHz, CDCl3): d =
1.05 (s; 9H), 4.62–4.66 (m; 2H), 4.72 (d, J = 9.4 Hz; 1H), 5.22–5.39
(m; 2H), 5.84–6.00 (m; 1H), 6.68 (d, J = 9.1 Hz; 1H), 7.39–7.54 (m;
3H), 7.77–7.81 (m; 2H). 13C-NMR (75 MHz, CDCl3): d = 26.7,
35.3, 60.2, 65.8, 119.2, 127.0, 128.6, 131.4, 131.7, 134.2, 167.1,
171.4. FT-IR (ATR): m[cm−1] = 3340 (w), 2962 (m), 1734 (s), 1647
(s), 1601 (w), 1579 (w), 1517 (s), 1485 (s), 1445 (w), 1400 (w), 1368
(m), 1335 (m), 1268 (w), 1211 (m), 1166 (m), 1091 (w), 1029 (w),
987 (m), 933 (w), 854 (w), 800 (w), 750 (w).


Typical procedure for the DKR of azlactones


To a solution of 8.33 lmol of the catalysts 6–30 (0.05 eq.) in
667 ll abs. toluene, 1.5 eq. of allyl alcohol were added. In the
case of the monofunctional catalysts 4 and 5, 8.33 lmol NEt3


(0.05 eq.) were added. After addition of a solution containing
167 lmol of the azlactone rac-2a–b (1.00 eq.) in 1.00 ml abs.
toluene, the homogeneous reaction mixture was stirred at ambient
temperature. For analysis, 100 ll samples were withdrawn, diluted
with 900 ll dichloromethane, and conversion and enantiomeric
excess were determined immediately by HPLC (Daicel Chiralpak
AD, n-hexane–2-propanol). Quantification was based on UV
detection at k = 230 nm and 210 nm, respectively. Conversion was
determined by comparison with the peak areas of stock solutions
of the azlactones and the corresponding N-benzoyl amino acid
esters in dichloromethane. The absolute configurations of the
product esters 3a–b were determined by comparison with the esters
synthesized from enantiomerically pure a-amino acids.


Synthesis of catalysts†


General procedure for the preparation of (thio)ureas: the
iso(thio)cyanate (1.00 eq.) was added to a solution of the amine
(1.00 eq.) in abs. THF, and the resulting mixture was stirred at
room temperature under argon for 16 h. The reaction mixture was
then concentrated in vacuo and the residue was purified by silica
gel chromatography using CH2Cl2–CH3OH–NEt3 mixtures as the
eluent.


1-{3,5-Bis(trifluoromethyl)phenyl}-3-{(1R,2R)-2-(dimethyl-
amino)cyclohexyl}thiourea 1a. Compound 1a was prepared from
the corresponding amine (526 mg, 3.69 mmol, 1.00 eq.) and 3,5-
bis(trifluoromethyl)phenyl isothiocyanate (670 lL, 3.69 mmol,
1.00 eq.), and isolated as a yellowish foam (1.28 g, 84%). Mp
111–113 ◦C. [a]589 = −30.9, [a]546 = −39.5, [a]405 = −166.2 (c =
1.035, CHCl3). 1H-NMR (300 MHz, CDCl3): d = 1.07–1.36 (m;
4H, H-3), 1.69–1.91 (m; 3H), 2.26 (s; 6H), 2.41–2.55 (m; 2H, H-
1), 3.88 (m; 1H), 7.58 (s; 1H), 7.83 (s; 2H). 13C-NMR (75 MHz,
CDCl3): d = 21.9, 24.5, 24.8, 32.8, 40.1, 56.6, 67.4, 118.3, 123.0
(q, J = 271.05 Hz), 123.3, 132.5 (q, J = 33.15 Hz), 140.4, 178.7.
FT-IR (CsI): m[cm−1] = 3225 (br w), 2944 (m), 2867 (w), 1544
(s), 1474 (m), 1386 (s), 1280 (s), 1181 (s), 1132 (s), 885 (m), 683
(m). HRMS (EI): calcd for [C17H21F6N3S] ([M]+): 413.136, found:
413.138. Elemental analysis: anal. calcd. for C17H21F6N3S: C 49.39,
H 5.12, N 10.16, found: C 49.19, H 5.15, N 10.12%.


1-{3,5-Bis(trifluoromethyl)phenyl}-3-{(1R,2R)-2-(dimethyl-
amino)cyclohexyl}urea 1b. Compound 1b was prepared from
the corresponding amine (735 mg, 5.17 mmol, 1.00 eq.) and
3,5-bis(trifluoromethyl)phenyl isocyanate (939 lL, 5.17 mmol,
1.00 eq.), and isolated as an off-white crystalline solid (1.79 g,
87%). Mp 163–165 ◦C. [a]589 =−35.1, [a]546 =−41.5, [a]405 =−83.1,
[a]365 = −106.8 (c = 1.00, CHCl3). 1H-NMR (300 MHz, CDCl3):
d = 1.09–1.35 (m; 4H), 1.67–1.89 (m; 3H), 2.20–2.25 (m; 1H), 2.26
(s; 6H), 2.34–2.38 (m; 1H), 3.47–3.55 (m; 1H), 5.76 (br s; 2H), 7.36
(s; 1H), 7.76 (s; 2H), 8.06 (br s; 1H). 13C-NMR (75 MHz, CDCl3):
d = 21.4, 24.7, 25.0, 33.8, 40.1, 51.6, 67.4, 115.3, 118.5, 123.2 (q,
J = 271.0 Hz), 131.9 (q, J = 32.97 Hz), 140.9, 155.6. FT-IR (CsI):
m[cm−1] = 3320 (br), 2941 (m), 2866 (w), 2787 (w), 1853 (s), 1604
(s), 1574 (s), 1516 (m), 1474 (m), 1388 (s), 1342 (m), 1279 (s), 1235
(w), 1175 (s), 1132 (s), 1067 (w), 1045 (w), 942 (w), 884 (m), 849 (w),
704 (m), 685 (m), 664 (w). HRMS (EI): calcd for [C17H21F6N3O]
([M]+): 397.159, found: 397.159. Elemental analysis: anal. calcd
for C17H21F6N3O: C 51.38, H 5.33, N 10.57, found: C 51.29, H
5.40, N 10.41%.


1-{3,5-Bis(trifluoromethyl)phenyl}-3-{(1R,2R)-2-(pyrrolidin-1-
yl)cyclohexyl}urea 1c. Compound 1c was prepared from the
corresponding amine (325 mg, 1.93 mmol, 1.00 eq.) and
3,5-bis(trifluoromethyl)phenyl isocyanate (350 lL, 1.93 mmol,
1.00 eq.), and isolated as a yellowish foam (578 mg, 71%). Mp
98–100 ◦C. [a]589 = −18.7, [a]546 = −21.9, [a]405 = −37.7 (c =
1.00, CHCl3). 1H-NMR (300 MHz, CDCl3): d = 1.07–1.36 (m;
4H), 1.62–1.86 (m; 7H), 2.25–2.29 (m; 1H), 2.44–2.48 (m; 1H),
2.62–2.71 (m; 4H), 3.50 (m; 1H), 5.87 (br s; 1H), 7.36 (s; 1H),
7.80 (s; 2H), 8.56 (br s; 1H). 13C-NMR (75 MHz, CDCl3): d =
23.1, 23.6, 24.3, 24.6, 33.1, 48.0, 53.3, 63.4, 115.2, 118.2, 123.0
(q, J = 271.1 Hz), 132.0 (q, J = 32.97 Hz), 141.1, 155.9. FT-IR
(CsI): m[cm−1] = 3320 (br), 3112 (w), 2940 (m), 1863 (w), 1813 (w),
1663 (s), 1575 (s), 1508 (w), 1475 (m), 1390 (s), 1340 (w), 1278 (s),
1235 (w), 1182 (s), 1133 (s), 1040 (w), 941 (w), 881 (m), 848 (w),
704 (m), 682 (m). HRMS (ESI): calcd for [C19H24F6N3O] ([M +
H]+): 424.182, found: 424.183. Elemental analysis: anal. calcd for
C19H23F6N3O: C 53.90, H 5.48, N 9.92, found: C 53.58, H 5.47, N
9.81%.


1-{3,5-Bis(trifluoromethyl)phenyl}-3-{(1R,2R)-2-(diethylamino)-
cyclohexyl}urea 1d. Compound 1d was prepared from the
corresponding amine (325 mmol, 1.91 mmol, 1.00 eq.) and
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3,5-bis(trifluoromethyl)phenyl isocyanate (349 lL, 1.91 mmol,
1.00 eq.), isolated as a colourless crystalline solid (580 mg, 71%).
Mp 195–197 ◦C. [a]589 = −58.1, [a]546 = −68.7, [a]405 = −134.5,
[a]365 = −174.0, [a]334 = −226.1 (c = 1.01, CHCl3). 1H-NMR
(300 MHz, CDCl3): d = 0.98 (t, J = 7.13 Hz; 6H), 1.04–1.31 (m;
4H), 1.63–1.81 (m; 3H), 2.28–2.73 (m; 6H), 3.35–3.41 (m; 1H),
5.92 (br s; 1H), 7.42 (s; 1H), 7.86 (s; 2H). 13C-NMR (75 MHz,
CDCl3): d = 14.2, 23.5, 24.5, 25.5, 33.4, 43.2, 51.9, 63.0, 115.5,
118.6, 123.2 (q, J = 271.1 Hz), 132.1 (q, J = 32.97 Hz), 141.0,
155.8. FT-IR (CsI): m[cm−1] = 3286 (s), 3099 (m), 2974 (m), 2937
(m), 2867 (w), 1667 (s), 1623 (w), 1581 (s), 1493 (s), 1476 (s),
1389 (s), 1338 (m), 1279 (s), 1238 (m), 1169 (s), 1140 (s), 1073
(w), 1000 (w), 957 (m), 882 (m), 734 (m). HRMS (ESI): calcd. for
[C19H26F6N3O] ([M + H]+): 426.198, found: 426.199. Elemental
analysis: anal. calcd for C19H25F6N3O: C 53.64, H 5.92, N 9.88,
found: C 53.56, H 5.93, N 9.85.


1-{3,5-Bis(trifluoromethyl)phenyl}-3-{(1R,2R)-2-(dibenzylamino)-
cyclohexyl}urea 1e. Compound 1e was prepared from the
corresponding amine (160 mg, 632 lmol, 1.00 eq.) and 3,5-
bis(trifluoromethyl)phenyl isocyanate (109 lL, 632 lmol,
1.00 eq.), and isolated as an off-white solid (270 mg, 83%). Mp
94 ◦C. 1H-NMR (300 MHz, CDCl3): d = 0.85–0.96 (m; 1H),
1.13–1.28 (m; 2H), 1.35–1.48 (m; 1H), 1.62 (br d, J = 11.8 Hz;
1H), 1.85 (br d, J = 10.4 Hz; 1H), 2.12 (br d, J = 11.1 Hz;
1H), 2.30–2.38 (m; 2H), 3.41 (d, J = 13.1 Hz; 2H), 3.51–3.61
(m; 1H), 3.82 (d, J = 13.3 Hz; 2H), 5.08 (br s; 1H), 6.61 (br s;
1H), 7.22–7.27 (m; 10H), 7.51 (s; 1H), 7.81 (s; 2H). 13C-NMR
(75 MHz, CDCl3): d = 23.4, 24.4, 25.4, 33.4, 51.4, 53.6, 61.6,
116.0, 118.8, 123.2 (q, J = 273 Hz), 127.4, 128.5, 129.0, 132.4 (q,
J = 33.6 Hz), 139.8, 140.5, 154.9. FT-IR (ATR): m[cm−1] = 3329
(br, m), 3086 (w), 3026 (w), 2933 (m), 2859 (w), 1651 (s), 1565 (s),
1493 (m), 1470 (s), 1451 (m), 1378 (vs), 1274 (vs), 1173 (vs), 1129
(vs), 1036 (m), 1027 (m), 940 (m), 928 (m), 882 (s), 845 (m), 747
(m), 732 (m), 699 (s), 681 (vs).


1-{3,5-Bis(trifluoromethyl)phenyl}-3-{(1R,2R)-2-(N -benzyl-N -
methylamino)cyclohexyl}urea 1f. Compound 1f was prepared
from the corresponding amine (421 mg, 1.93 mmol, 1.00 eq.)
and 3,5-bis(trifluoromethyl)phenyl isocyanate (350 lL, 1.93 mmol,
1.00 eq.), and isolated as a colourless crystalline solid (980 mg,
87%). 1H-NMR (300 MHz, CDCl3): d = 0.99–1.25 (m; 4H), 1.57–
1.89 (m; 3H), 2.09 (s; 3H), 2.26–2.37 (m; 2H), 3.34 (d, J = 13.1 Hz;
1H), 3.40–3.47 (m; 1H), 3.61 (d, J = 13.1 Hz; 1H), 5.71 (br s; 1H),
7.15 (s; 5H), 7.38 (s; 1H), 7.68 (s; 2H), 8.18 (br s; 1H). 13C-NMR
(75 MHz, CDCl3): d = 22.7, 24.5, 25.2, 33.4, 36.3, 52.0, 57.9, 66.4,
115.5, 118.8, 123.2 (q, J = 271.4 Hz), 127.1, 128.3, 128.7, 132.1
(q, J = 32.97 Hz), 139.0, 140.9, 156.0. FT-IR (KBr): m[cm−1] =
3346 (br s), 3091 (w), 2939 (s), 2861 (m), 2800 (w), 1659 (s), 1624
(m), 1571 (s), 1497 (m), 1474 (s), 1454 (m), 1388 (s), 1278 (s), 1235
(m), 1182 (s), 1132 (s), 1063 (w), 1042 (w), 1026 (m), 958 (w),
940 (m), 882 (s), 849 (m), 734 (m), 701 (s). HRMS (EI): calcd for
[C23H25F6N3O] ([M]+): 473.190, found: 473.190.


1-{3,5-Bis(trifluoromethyl)phenyl}-3-{(1R,2R)-2-(diallylamino)-
cyclohexyl}urea 1g. Compound 1g was prepared from the
corresponding amine (170 mg, 875 lmol, 1.00 eq.) and 3,5-
bis(trifluoromethyl)phenyl isocyanate (152 lL, 875 lmol,
1.00 eq.), and isolated as a colourless crystalline solid (200 mg,
51%). Mp 119 ◦C. [a]589 = −13.4, [a]546 = −14.3, [a]405 = −16.1,


(c = 1.01, CHCl3). 1H-NMR (300 MHz, CDCl3): d = 1.02–1.31
(m; 4H), 1.67 (br d, J = 11.1 Hz; 1H), 1.79–1.90 (m; 2H),
2.43–2.53 (m; 2H), 2.88 (dd, J = 8.0, 14.1 Hz; 2H), 3.27 (ddd, J =
3.8, 6.0, 10.6 Hz; 2H), 3.42 (tt, J = 3.4, 10.5 Hz; 1H), 5.11 (dd,
J = 13.6, 14.5 Hz; 4H), 5.64 (br s; 1H), 5.66–5.78 (m; 2H), 7.25
(br s; 1H), 7.47 (s; 1H), 7.87 (s; 2H). 13C-NMR (75 MHz, CDCl3):
d = 23.3, 24.5, 25.4, 33.3, 52.2, 52.3, 62.1, 115.8, 117.4, 118.8,
123.2 (q, J = 273 Hz), 132.2 (q, J = 33.1 Hz), 136.5, 140.7, 155.4.
FT-IR (ATR): m[cm−1] = 3378 (w, br), 3083 (w), 2933 (m), 2859
(w), 2812 (w), 1653 (s), 1622 (m), 1569 (s), 1500 (s), 1472 (s), 1338
(m), 1275 (s), 1234 (s), 1172 (s), 1130 (s), 1037 (m), 998 (m), 945
(m), 920 (m), 881 (s), 847 (m), 732 (m), 702 (s), 681 (s). Elemental
analysis: anal. calcd for C21H25F6N3O: C 56.12, H 5.61, N 9.35,
found: C 55.71, H 5.50, N 9.16%.


N -[3,5-Bis(trifluoromethyl)phenyl]-N ′ -[(1R,3S)-3-{[({[3,5-bis-
(trifluoromethyl)phenyl]amino}oxomethyl)amino]methyl}-3,5,5-
trimethylcyclohexyl]urea 5a. Compound 5a was prepared from
the corresponding diamine (272 lL, 1.47 mmol, 1.00 eq.) and
3,5-bis(trifluoromethyl)phenyl isocyanate (534 lL, 3.09 mmol,
2.00 eq.), and isolated as colourless crystals from CHCl3–methanol
(900 mg, 90%). Mp >230 ◦C. 1H-NMR (300 MHz, DMSO-d6):
d = 0.86–1.12 (m; 12H), 1.13–1.26 (m; 1H), 1.53–1.67 (m; 2H),
2.80–3.00 (m; 2H), 3.74–3.91 (m; 1H), 6.33 (d; J = 7.60 Hz, 1H),
6.50–6.60 (m; 1H), 7.51 (s; 2H), 8.04 (s; 4H), 9.02 (s; 1H), 9.13 (s;
1H). 13C-NMR (75 MHz, DMSO-d6): d = 23.1, 27.4, 31.5, 34.9,
36.2, 41.4, 42.7, 45.7, 46.8, 52.7, 113.3, 113.4, 117.0, 117.1, 121.5,
125.1, 130.5 (q), 130.6 (q), 142.5, 154.0, 155.0. FT-IR (ATR, neat):
m[cm−1] = 3339 (br w), 2955 (br w), 1652 (m), 1558 (m), 1427 (m),
1438 (w), 1385 (m), 1274 (s), 1230 (m), 1172 (m), 1127 (s), 1037 (w),
940 (w), 880 (m), 847 (w), 701, 681 (both m). HRMS (ESI): calcd
for [C28H28F12N4O2Na] ([M + Na]+): 703.192, found: 703.192.


N -[3,5-Bis(trifluoromethyl)phenyl]-N ′ -[(1R,3S)-3-{[({[3,5-bis-
(trifluoromethyl)phenyl]amino}thioxomethyl)amino]-methyl}-3,5,5-
trimethylcyclohexyl]thiourea 5b. Compound 5b was prepared
from the corresponding diamine (500 lL, 2.70 mmol, 1.00 eq.)
and 3,5-bis(trifluoromethyl)phenyl isothiocyanate (991 lL,
5.43 mmol, 2.00 eq.), and isolated as colourless crystals from
n-hexane–ethylacetate (1.73 g, 90%). Mp = 153 ◦C. [a]589 = +17.2
(c = 1.00, CHCl3). 1H-NMR (300 MHz, DMSO-d6): d = 0.96
(s; 3H), 1.02–1.21 (m; 9H), 1.24–1.36 (m; 1H), 1.65–1.85 (m;
2H), 3.28–3.51 (m; 2H), 4.47–4.67 (m; 1H), 7.66–7.75 (m; 2H),
8.09–8.19 (m; 2H), 8.21 (s; 2H), 8.29 (s; 2H), 9.85 (s; 1H), 10.07 (s;
1H). 13C-NMR (75 MHz, DMSO-d6): d = 23.2, 27.4, 31.6, 34.0,
34.7, 36.4, 40.6, 40.8, 44.3, 47.3, 57.3, 115.9, 121.4, 121.5, 121.9,
125.0, 130.2, 141.8, 179.3, 181.2. FT-IR (ATR, neat): m[cm−1] =
3240 (br w), 3049 (br w), 2957 (br w), 1621 (w), 1530 (s), 1469
(m), 1380 (s), 1274 (s), 1170 (s), 1130 (s), 1106 (s), 950 (m), 906
(m), 886 (m), 847 (w), 729 (s), 700 (s), 680 (s). HRMS (ESI): calcd
for [C28H28F12N4S2Na] ([M + Na]+): 735.146, found: 735.147.
Elemental analysis: anal. calcd for C28H28F12N4S2: C 47.19, H
3.96, N 7.86, found: C 47.15, H 4.19, N 7.81%.


1-{3,5-Bis(trifluoromethyl)phenyl}-3-{(2S,5R)-5-vinyl-1-azabi-
cyclo[2.2.2]oct-2-ylmethyl}urea 6a. Compound 6a was prepared
from the corresponding amine (166 mg, 1.00 mmol, 1.00 eq.)
and 3,5-bis(trifluoromethyl)phenyl isocyanate (174 lL, 1.00 mmol,
1.00 eq.), and isolated as a colourless solid (237 mg, 60%). Mp =
78–81 ◦C. [a]589 = −1.4, [a]546 = −2.2, [a]405 = −2.8 (c = 1.03,
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CHCl3). 1H-NMR (500 MHz, DMSO-d6): d = 0.72–0.76 (m; 1H),
1.33, 1.51 (m; 2H), 1.65–1.69 (m; 1H), 2.13 (br s; 1H), 2.39 (br s;
1H), 2.43–2.82 (m; 2H), 2.79 (m; 1H), 2.88–3.13 (m; 2H), 2.98–
3.20 (m; 2H), 4.85–4.93 (m; 2H), 5.75–5.82 (m; 1H), 6.17 (s; 1H),
7.37 (s; 1H), 7.90 (s; 2H), 9.35 (br s; 1H). 13C-NMR (125 MHz,
DMSO-d6): d = 25.7, 27.1, 27.3, 40.4, 42.1, 45.7, 54.9, 55.1, 113.2,
114.2, 116.8, 120.1, 122.2, 124.4, 126.6, 130.3, 130.5, 130.8, 131.0,
142.1, 142.6, 154.6. FT-IR (ATR, neat): m[cm−1] = 3328 (br w),
3084 (w), 2937 (w), 2866 (w), 1664 (m), 1570 (m), 1472 (m), 1386
(m), 1275 (s), 1176 (m), 1127 (m), 989 (w), 942 (w), 913 (w), 879
(w), 702 (w), 681 (m). HRMS (ESI): calcd for [C19H22F6N3O] ([M +
H]+): 422.167, found: 422.167. Elemental analysis: anal. calcd for
C19H21F6N3O: C 54.16, H 5.02, N 9.97, found: C 54.42, H 5.22, N
9.81%.


1-{3,5-Bis(trifluoromethyl)phenyl}-3-{(2S,5R)-5-vinyl-1-azabi-
cyclo[2.2.2]oct-2-ylmethyl}thiourea 6b. Compound 6b was pre-
pared from the corresponding amine (948 mg, 2.25 mmol, 1.00 eq.)
and 3,5-bis(trifluoromethyl)phenyl isothiocyanate (610 mg,
2.25 mmol, 1.00 eq.), and isolated as a colourless crystalline solid
(912 mg, 93%). Mp 54–59 ◦C. [a]589 = −52.6, [a]546 = −61.0, [a]405 =
−62.4, [a]365 = +117.6 (c = 1.00, CHCl3). 1H-NMR (300 MHz,
CDCl3): d = 0.97–1.03 (m; 1H), 1.13–1.31 (m; 1H), 1.53–1.70 (m;
2H), 1.78–2.00 (m; 2H), 2.51–2.75 (m; 2H), 2.83–3.21 (m; 4H),
3.39–3.89 (m; 1H), 5.01–5.14 (m; 2H), 5.77–5.92 (m; 1H), 7.69
(s; 1H), 7.85–7.90 (m; 2H), 7.91 (s; 1H), 13.9 (s; 1H). 13C-NMR
(75 MHz, CDCl3): d = 26.1, 27.3, 27.5, 30.1, 40.4, 42.1, 47.7, 54.8,
115.1, 118.0, 122.6, 123.1 (J = 272.9 Hz), 132.3 (m, br), 140.8,
141.2, 179.8. FT-IR (ATR): m[cm−1] = 2941 (br), 1542 (w), 1472
(w), 1384 (m), 1276 (s), 1177 (m), 1132 (m), 883 (w), 700 (w), 682
(w). HRMS (EI): calcd for [C19H21F6N3S] ([M]+): 437.136, found:
437.136. Elemental analysis: anal. calcd for C19H22F6N3S: C 52.17,
H 4.84, N 9.61, found: C 52.35, H 4.67, N 9.61%.


1-{3,5-Bis(trifluoromethyl)phenyl}-3-{(2R,5R)-5-vinyl-1-azabi-
cyclo[2.2.2]oct-2-ylmethyl}urea 7. Compound 7 was prepared
from the corresponding amine (166 mg, 1.00 mmol, 1.00 eq.)
and 3,5-bis(trifluoromethyl)phenyl isocyanate (174 lL, 1.00 mmol,
1.00 eq.), and isolated as colourless solid (260 mg, 66%). Mp =
65 ◦C. [a]589 = +65.0, [a]546 = +77.2, [a]405 = +156.0 (c = 1.01,
CHCl3). 1H-NMR (300 MHz, CDCl3): d = 1.25–1.34 (m; 1H),
1.55–1.66 (m; 4H), 1.80 (br s; 1H), 2.32 (m; 1H), 2.75–3.05 (m;
6H), 3.27 (br s; 1H), 5.06 (dd, J = 7.3, 13.8 Hz; 2H), 5.76–5.89
(m; 1H), 6.63 (br s; 1H), 7.39 (s; 1H), 7.75 (s; 2H). 13C-NMR
(75 MHz, CDCl3): d = 25.3, 26.1, 27.4, 39.3, 43.9, 46.2, 46.3, 48.6,
115.0, 115.3, 117.8, 118.0, 121.4, 125.0, 128.7, 131.3, 131.7, 132.1,
132.6, 139.2, 141.6, 155.6. FT-IR (ATR, neat): m[cm−1] = 3310 (br
w), 3080 (w), 2940 (w), 2869 (w), 1665 (m), 1572 (m), 1473 (m),
1385 (s), 1275 (s), 1176 (s), 1127 (s), 943 (w), 912 (w), 879 (w),
702 (m), 681 (m). HRMS (ESI): calcd for [C19H22F6N3O] ([M +
H]+): 422.167, found: 422.167. Elemental analysis: anal. calcd for
C19H21F6N3O: C 54.16, H 5.02, N 9.97, found: C 54.07, H 5.34, N
9.87%.


(S)-1-[3,5-Bis(trifluoromethyl)phenyl]-3-[(1-methylpyrrolidin-2-
yl)methyl]thiourea 8. Compound 8 was prepared from the
corresponding amine (264 mg, 2.31 mmol, 1.00 eq.) and 3,5-
bis(trifluoromethyl)phenyl isothiocyanate (464 lL, 2.54 mmol,
1.10 eq.), and isolated as a brownish solid (82.0 mg, 12%). Mp =
71 ◦C. 1H-NMR (300 MHz, CDCl3): d = 1.55–2.11 (m; 3H), 2.13–


2.84 (m; 3H), 2.60 (s; 3H), 2.90–3.34 (m; 2H), 3.52–3.73 (m; 1H),
7.56 (s; 1H), 7.98 (s; 2H). The signals of the NH-protons could not
be detected. 13C-NMR (75 MHz, DMSO-d6): d = 21.8, 24.2, 26.6,
30.1, 40.1, 40.8, 47.2, 55.9, 56.9, 64.7, 66.0, 116.8, 120.9, 121.9,
124.5, 130.9, 131.5, 141.7, 182.9. FT-IR (ATR, neat): m[cm−1] =
3239 (w), 2945 (w), 2872 (w), 2790 (w), 1609 (w), 1508 (w), 1471
(m), 1383 (s), 1274 (s), 1171 (s), 1128 (s), 1107 (m), 1056 (w),
1006 (w), 952 (w), 882 (m), 847 (w), 719 (w), 699 (m), 681 (m).
HRMS (ESI): calcd for [C15H17F6N3S] ([M + H]+): 389.113, found:
389.113.


1-{3,5-Bis(trifluoromethyl)phenyl}-3-{(2S)-dimethylamino-(1S)-
phenylpropyl}urea 9. Compound 9 was prepared from the
corresponding amine (190 mg, 1.07 mmol, 1.00 eq.) and
3,5-bis(trifluoromethyl)phenyl isocyanate (186 lL, 1.07 mmol,
100 eq.), and isolated as a colourless solid (280 mg, 62%). Mp
214 ◦C. [a]589 = +15.4, [a]546 = +18.8, [a]405 = +48.1, [a]365 = +74.6
(c = 0.83, CHCl3). 1H-NMR (500 MHz, CD2Cl2): d = 0.80 (d, J =
6.5 Hz; 3H), 2.31 (s; 6H), 2.77–2.81 (m; 1H), 4.29 (d, J = 10.3 Hz;
1H), 6.91 (br s; 1H), 7.30 (t, J = 6.8 Hz; 1H), 7.36–7.41 (m; 4H),
7.46 (s; 1H), 7.59 (s; 1H), 7.82 (s; 2H). 13C-NMR (125 MHz,
CD2Cl2): d = 7.1, 39.7, 59.0, 63.8, 115.4, 118.2, 123.6 (q, J =
271 Hz), 127.7, 127.8, 128.8, 131.9 (q, J = 32.7 Hz), 141.4, 142.1,
155.2. FT-IR (ATR): m[cm−1] = 3307 (m, br), 3110 (w, br), 2934
(m), 2863 (w), 2828 (w), 2786 (w), 1660 (s), 1620 (w), 1570 (s),
1504 (m), 1472 (s), 1386 (s), 1274 (vs), 1233 (m), 1176 (s), 1128
(vs), 1067 (m), 1042 (m), 1028 (m), 939 (w), 878 (m), 848 (w), 702
(m), 681 (s). Elemental analysis: anal. calcd for C20H21F6N3O: C
55.43, H 4.88, N 9.70, found: C 55.02, H 4.81, N 9.68%.


1-{3,5-Bis(trifluoromethyl)phenyl}-3-{(2S)-dimethylamino-(1R)-
phenylpropyl}urea 10. Compound 10 was prepared from
the corresponding amine (140 mg, 785 lmol, 1.00 eq.) and
3,5-bis(trifluoromethyl)phenyl isocyanate (136 lL, 785 lmol,
1.00 eq.), and isolated as a colourless solid (90 mg, 26%). Mp
186 ◦C. 1H-NMR (300 MHz, acetone-d6): d = 1.99 (d, J = 6.4 Hz;
3H), 2.22 (s; 6H), 2.82–2.91 (m; 1H), 5.02–5.07 (m; 1H), 6.67
(br s; 1H), 7.18–7.24 (m; 1H), 7.28–7.38 (m; 4H), 7.50 (s; 1H),
8.12 (s; 2H), 8.88 (s; 1H). 13C-NMR (75 MHz, acetone-d6): d =
11.3, 43.3, 57.5, 65.2, 115.7, 119.2, 125.5 (q, J = 271 Hz), 127.3,
128.5, 129.8, 133.3 (q, J = 32.7 Hz), 144.2, 144.6, 156.1. FT-IR
(ATR): m[cm−1] = 3327 (w, br), 3101 (w), 2831 (w), 2782 (w), 1654
(m), 1576 (m), 1499 (w), 1473 (w), 1386 (s), 1276 (s), 1170 (m),
1137 (s), 950 (w), 880 (w), 705 (m), 681 (m). Elemental analysis:
anal. calcd for C20H21F6N3O: C 55.43, H 4.88, N 9.70, found: C
55.30, H 4.84, N 9.50%.


1-{3,5-Bis(trifluoromethyl)phenyl}-3-(quinuclidin-3-yl)urea 11.
Compound 11 was prepared from the corresponding amine
(160 mg, 1.27 mmol, 1.00 eq.) and 3,5-bis(trifluoromethyl)phenyl
isocyanate (220 lL, 1.27 mmol, 1.00 eq.), and isolated as a
colourless, hygroscopic solid (60 mg, 15%). 1H-NMR (300 MHz,
CDCl3): d = 1.45–1.55 (m; 1H), 1.65–1.73 (m; 2H), 2.03 (m; 2H),
2.69–2.88 (m; 4H), 2.95–3.03 (m; 1H), 3.31–3.39 (m; 1H), 3.95
(br s; 1H), 5.90 (br s; 1H), 7.35 (s; 1H), 7.92, (s; 2H), 9.31 (br s;
1H). 13C-NMR (75 MHz, CDCl3): d = 19.3, 24.6, 25.5, 46.2, 47.0,
52.8, 55.6, 114.5, 117.6, 123.3 (q, J = 270 MHz), 131.7 (q, J =
32.5), 141.6, 155.5. HRMS (EI): calcd for [C16H18F6N3O] ([M +
H]+): 382.135, found: 382.135.
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1-[3,5-Bis(trifluoromethyl)phenyl]-3-[(R)-(6-methoxyquinolin-4-
yl)-(8-vinylquinuclidin-2-yl)methyl]thiourea 12. Compound 12
was prepared from the corresponding amine (50 mg, 155 lmol,
1.00 eq.) and 3,5-bis(trifluoromethyl)phenyl isothiocyanate
(31 lL, 170 lmol, 1.10 eq.), and isolated as a pale yellow solid
(56 mg, 61%). Mp = 150 ◦C (decomposition). 1H-NMR (300 MHz,
CDCl3): d = 0.90–1.06 (m; 1H), 1.17–1.35 (m; 1H), 1.43–1.74 (m;
3H), 2.27–2.41 (m; 1H), 2.71–3.32 (m; 5H), 3.96 (s; 3H), 5.11–
5.25 (m; 2H), 5.77–5.99 (m; 2H), 7.08–7.19 (m; 1H), 7.35 (dd;
J = 9.06, 2.49 Hz, 1H), 7.64 (s(br); 1H), 7.67 (s; 1H), 7.85 (s;
2H), 7.95 (d; J = 9.06 Hz, 1H), 8.46–8.58 (m; 1H). The signals
of the NH-protons could not be detected. 13C-NMR (75 MHz,
CDCl3): d = 25.0, 26.0, 27.1, 38.6, 47.1, 48.6, 55.7, 61.4, 101.7,
115.4, 118.7, 118.8, 121.1, 122.4, 123.6, 124.8, 128.4, 131.6, 132.5
(q; CF3), 139.5, 144.7, 145.7, 147.3, 158.2, 181.4. FT-IR (ATR,
neat): m[cm−1] = 3234, 2937, 2872 (all w), 1620, 1507, 1472, 1381
(all m), 1275 (s), 1226 (w), 1175 (s), 1130 (s), 1106 (m), 1029, 957,
908, 883, 849, 824, 728 (all w), 680 (m). HRMS (ESI): calcd for
[C29H29F6N4OS] ([M + H]+): 595.197, found: 595.197.


1-{3,5-Bis(trifluoromethyl)phenyl}-3-[1-{2-(dimethylamino)naph-
thalen-1-yl}naphthalen-2-yl]thiourea 13. Compound 13 was
synthesized following the literature procedure.9d


1-[3,5-Bis(trifluoromethyl)phenyl]-3-{[(1S,5R)-5-(dimethylamino)-
1,3,3-trimethylcylohexyl]methyl}urea 14. Compound 14 was
prepared from the corresponding amine (26 mg, 131 lmol,
1.00 eq.) and 3,5-bis(trifluoromethyl)phenyl isocyanate (23 lL,
131 lmol, 1.00 eq.), and isolated as a colourless solid (according
to 1H-NMR, the product contains ∼20% unidentified impurities).
1H-NMR (300 MHz, CDCl3): d = 0.81–1.48 (m; 15H); 1.65–1.93
(m; 2H), 2.15 (s; 1H), 2.72 (s; 6H), 3.18–3.34 (m; 1H), 6.84–6.94
(m; 1H), 7.34 (s; 1H), 7.97 (s; 2H), 9.31 (s; 1H). FT-IR (ATR,
neat): m[cm−1] = 3290 (w), 2959 (w), 2678 (w), 1697 (m), 1566,
1555, 1473, 1387 (all m), 1275, 1172, 1126 (all s), 1032, 999, 946,
878, 844, 800 (all w), 732 (m), 702 (m), 680 (s). HRMS (ESI):
calcd for [C21H30F6N3O] ([M + H]+): 454.229, found: 454.230.


1-{3,5-Bis(trifluoromethyl)phenyl}-3-{(1S,2S,4S,5S)-5-(dimethyl-
amino)bicyclo[2.2.1]hept-2-yl}thiourea 15. Compound 15 was
isolated as a pale yellow solid (52%).† Mp 54 ◦C. [a]589 = −40.9,
[a]546 = −49.0, [a]405 = −90.1 (c = 0.88, CHCl3). 1H-NMR
(300 MHz, CD3OD): d = 1.24–1.28 (m; 1H), 1.45–1.60 (m; 1H),
1.56 (s; 2H), 1.65–1.74 (m; 1H), 1.88–1.98 (m; 1H), 2.21 (s; 6H),
2.29 (s; 1H), 2.33 (s; 1H), 2.65 (s; 1H), 4.59 (br s; 1H), 7.62 (s;
1H), 8.11 (s; 2H). The signals of the NH-protons could not be
detected. 13C-NMR (75 MHz, CD3OD): d = 28.0, 29.2, 38.5,
41.4, 41.8, 45.1, 57.4, 70.4, 117.7, 123.7, 124.8, 132.7, 143.2,
182.7. FT-IR (CsI): m[cm−1] = 3519 (s), 3288 (s), 3195 (m), 1590
(s), 1474 (w), 1387 (m), 1350 (m), 1280 (m), 1181 (m), 1135 (m),
887 (w), 682 (m). HRMS (ESI): calcd for [C18H22F6N3S] ([M +
H+]): 426.144, found: 426.143. Elemental analysis: anal. calcd for
C18H21F6N3S·1/2H2O: C 49.76, H 5.10, N 9.67, found: C 49.50,
H 5.32, N 9.45%.


1-{(1R,2R)-2-(Dimethylamino)cyclohexyl}urea 16. Compound
16 was prepared from the corresponding amine (140 mg,
1.23 mmol, 1.00 eq.), KOCN (99.8 mg, 1.23 mmol, 1.00 eq.)
and acetic acid (73.6 mg, 1.23 mmol, 1.00 eq.), and isolated as a
colourless semisolid (120 mg, 53%). 1H-NMR (300 MHz, CDCl3):
d = 1.25–1.33 (m; 4H), 1.74–1.91 (m; 2H), 1.97–2.12 (m; 2H), 2.78


(s; 6H), 3.00–3.20 (m; 1H), 3.78–3.79 (m; 1H), 5.57 (br s; 1H), 7.60
(br s; 2H). 13C-NMR (75 MHz, CDCl3): d = 23.0, 24.3, 24.4, 33.7,
39.1, 49.4, 66.6, 159.0. HRMS (ESI): calcd for [C9H19N3O] ([M +
H]+): 185.153, found: 185.153.


1-(3,5-Dinitrophenyl)-3-{(1R,2R)-2-(dimethylamino)cyclohexyl}-
urea 17. Compound 17 was prepared from the corresponding
amine (295 mg, 2.07 mmol, 1.00 eq.) and 3,5-dinitrophenyl
isocyanate (433 mg, 2.07 mmol, 1.00 eq.), and isolated as a yellow
foam (584 mg, 80%). Mp 97–99 ◦C. [a]589 = −40.3, [a]546 = −48.4
(c = 1.00, CHCl3). 1H-NMR (300 MHz, CDCl3): d = 1.13–1.28
(m; 4H), 1.66–1.89 (m; 3H), 2.28 (s; 6H), 2.31–2.35 (m; 2H),
3.47–3.50 (m; 1H), 5.87 (br s; 1H), 8.44–8.46 (m; 1H), 8.53–8.54
(m; 2H). 13C-NMR (75 MHz, CDCl3): d = 21.6, 24.6, 24.9, 33.6,
40.1, 51.9, 67.2, 110.9, 117.8, 142.5, 148.6, 155.4. FT-IR (CsI):
m[cm−1] = 3330 (br), 3113 (w), 2940 (m), 2865 (w), 1780 (w), 1677
(s), 1601 (s), 1547 (s), 1475 (m), 1346 (s), 1261 (m), 1225 (m),
1068 (m), 1044 (w), 894 (m), 829 (w), 731 (s). HRMS (ESI): calcd
for [C15H22N5O5] ([M + H]+): 352.162, found: 352.162. Elemental
analysis: anal. calcd for C15H21N5O5: C 51.28, H 6.02, N 19.93,
found: C 51.20, H 6.32, N 19.55%.


1-{(1R,2R)-2-(Dimethylamino)cyclohexyl}-3-mesitylurea 18.
Compound 18 was prepared from the corresponding amine
(373 mg, 2.62 mmol, 1.00 eq.) and mesitylisocyanate (422 mg,
2.62 mmol, 1.00 eq.), and isolated as a colourless crystalline solid
(513 mg, 65%). Mp 168–169 ◦C. [a]589 = −43.1, [a]546 = −50.9,
[a]405 = −103.9, [a]365 = −136.1 (c = 1.02, CHCl3). 1H-NMR
(300 MHz, CDCl3): d = 0.89–1.32 (m; 4H), 1.55–1.74 (m; 3H),
1.99–2.02 (m; 1H), 2.08 (s; 6H), 2.22 (s; 6H), 2.25 (s; 3H),
2.30–2.38 (m; 1H), 3.33–3.43 (m; 1H), 4.97 (br s; 1H), 5.91 (br s;
1H), 6.87 (s; 2H). 13C-NMR (75 MHz, CDCl3): d = 18.0, 20.9,
21.6, 24.7, 25.3, 33.8, 39.8, 51.5, 66.5, 129.0, 131.8, 137.0, 157.6.
FT-IR (CsI): m[cm−1] = 3343 (m), 2937 (m), 2859 (w), 1638 (s),
1559 (s), 1458 (w), 1316 (w), 1264 (w), 1051 (w), 846 (m), 707 (w).
HRMS (ESI): calcd for [C18H29N3NaO] ([M + Na]+): 326.221,
found: 326.221. Elemental analysis: anal. calcd for C18H29N3O: C
71.25, H 9.63, N 13.85, found: C 70.87, H 9.60, N 13.75%.


1-{(1R,2R)-2-(Dimethylamino)cyclohexyl}-3-(pyridine-3-yl)thio-
urea 19. Compound 19 was prepared from the corresponding
amine (300 mg, 2.11 mmol, 1.00 eq.) and 3-pyridylisothiocyanate
(235 lL, 2.11 mmol, 1.00 eq.), and isolated as a yellow foam
(415 mg, 71%). 1H-NMR (300 MHz, CDCl3): d = 1.14–1.27 (m;
5H), 1.65–1.92 (m; 3H), 2.31 (m; 1H), 2.45 (s; 6H), 2.86–2.92 (m;
1H), 4.26 (br s; 1H), 6.14 (br s; 1H), 7.13–7.17 (m; 1H), 7.94–7.96
(m; 1H), 8.23–8.24 (m; 1H), 8.53 (s; 1H). 13C-NMR (75 MHz,
CDCl3): d = 22.6, 24.2, 24.3, 32.4, 39.9, 54.5, 67.0, 123.0, 131.0,
136.0, 144.7, 145.3, 181.5. FT-IR (ATR): m[cm−1] = 3234 (br),
3027 (br), 2931 (s), 2857 (sh), 2783 (w), 1538 (s), 1481 (m), 1425
(m), 1316 (s), 1229 (m), 1185 (w), 1160 (sh), 1096 (m), 1062 (w),
1043 (w), 1025 (w), 991 (sh), 954 (w), 938 (w), 910 (w), 883 (m),
851 (w), 804 (s), 725 (m). HRMS (EI): calcd for [C14H23N4S]
([M + H]+): 279.164, found: 279.165.


1-{(1R,2R)-2-(Dimethylamino)cyclohexyl}-3-methylthiourea 20.
Compound 20 was prepared from the corresponding amine
(103 mg, 725 mmol, 1.00 eq.) and methylisothiocyanate (50 lL,
725 mmol, 1.00 eq.), and isolated as an off-white amorphous solid
(100 mg, 64% yield). Mp 101 ◦C. 1H-NMR (300 MHz, CDCl3):
d = 1.05–1.39 (m; 4H), 1.68–1.96 (m; 3H), 2.33 (s; 6H), 2.40–2.61
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(m; 2H), 2.96 (d, J = 4.5 Hz; 3H), 3.91 (m; 1H), 6.70 (s; 1H), 7.10
(s; 1H). 13C-NMR (75 MHz, CDCl3): d = 21.8, 24.5, 24.9, 30.9,
33.1, 40.0, 55.5, 66.9, 182.8. FT-IR (ATR): m[cm−1] = 3259 (m),
2930 (s), 2855 (m), 1548 (s), 1447 (m), 1352 (m), 1269 (m), 1237
(w), 1208 (w), 1184 (w), 1089 (w), 1040 (m), 883 (w), 717 (m), 644
(w). HRMS (EI): calcd for [C10H21N3S] ([M]+): 216.153, found:
216.153.


1-{(1R,2R)-2-(Dimethylamino)cyclohexyl}-3-benzylurea 21.
Compound 21 was prepared from the corresponding amine
(47.8 mg, 336 mmol, 1.00 eq.) and benzylisocyanate (50 lL,
336 mmol, 1.00 eq.), and isolated as an off-white amorphous solid
(49 mg, 53%). Mp 135–140 ◦C. 1H-NMR (300 MHz, CDCl3): d =
1.02–1.23 (m; 4H), 1.60–1.82 (m; 3H), 2.19 (s; 6H), 2.26–2.34 (m;
2H), 3.33–3.41 (m; 1H), 4.23–4.36 (m; 2H), 5.47 (t, J = 5.3 Hz;
1H), 5.65 (d, J = 3.9 Hz; 1H), 7.17–7.33 (m; 5H). 13C-NMR
(75 MHz, CDCl3): d = 21.7, 24.5, 25.0, 33.8, 39.7, 51.3, 52.8, 66.8,
126.9, 127.3, 128.4, 139.6, 158.9. FT-IR (ATR): m[cm−1] = 2929
(br), 1616 (s), 1571 (s), 1491 (m), 1454 (m), 1319 (w), 1261 (w),
1237 (w), 1070 (w), 1045 (w), 745 (w), 698 (m), 637 (w). HRMS
(EI): calcd for [C16H25N3O] ([M]+): 275.200, found: 275.200.


1-{(1R,2R)-2-Dimethylaminocyclohexyl}-3-cyclohexylthiourea
22. Compound 22 was prepared from the corresponding amine
(390 mg, 2.74 mmol, 1.00 eq.) and cyclohexylisothiocyanate
(375 lL, 2.74 mmol, 1.00 eq.), and isolated as a colourless foam
(600 mg, 77%). Mp 59–60 ◦C. [a]589 = +23.4, [a]546 = +27.9, [a]405 =
+45.0, [a]365 = +29.3 (c = 1.01, CHCl3). 1H-NMR (300 MHz,
CDCl3): d = 1.01–1.41 (m; 9H), 1.54–1.83 (m; 6H), 1.91–2.01 (m;
2H), 2.21 (s; 6H), 2.28–2.43 (m; 2H), 3.50–3.55 (m; 1H), 3.73 (br s;
1H), 6.28 (s; 1H). 13C-NMR (75 MHz, CDCl3): d = 22.1, 24.4,
24.7, 24.8, 24.9, 25.4, 32.8, 32.9, 33.1, 40.2, 52.8, 56.1, 67.3, 181.1.
FT-IR (ATR): m[cm−1] = 3259 (br), 3050 (w), 2926 (s), 2852 (s),
2783 (m), 1539 (s), 1473 (w), 1448 (m), 1360 (m), 1321 (m), 1271
(w), 1254 (m), 1239 (w), 1207 (w), 1187 (w), 1152 (w), 1081 (w),
1061 (w), 1040 (w), 978 (w), 946 (w), 889 (w), 872 (w), 847 (w), 734
(m). HRMS (EI): calcd for [C15H29N3S] ([M]+): 283.208, found:
283.209. Elemental analysis: anal. calcd for C15H29N3S: C 63.55,
H 10.31, N 14.82, found: C 63.26, H 10.22, N 14.75%.


1,3-Bis{(1R,2R)-2-(dimethylamino)cyclohexyl}thiourea 23.
Compound 23 was isolated as an off-white foam (330 mg, 60%).†
1H-NMR (300 MHz, CDCl3): d = 0.99–1.33 (m; 8H), 1.61–1.84
(m; 6H), 2.21 (s; 12H), 2.33–2.41 (m; 4H), 3.60–3.69 (m; 2H), 7.17
(br s; 2H). 13C-NMR (75 MHz, CDCl3): d = 21.9, 24.5, 25.0, 33.0,
39.1, 55.7, 66.7, 182.6. FT-IR (KBr): m[cm−1] = 3265 (br), 2931
(s), 2857 (s), 2783 (m), 1540 (s), 1457 (m), 1362 (m), 1323 (m),
1270 (m), 1240 (w), 1187 (w), 1165 (w), 1085 (w), 1038 (m), 957
(w), 871 (m), 739 (m). HRMS (EI): calcd for [C17H34N4S] ([M]+):
326.250, found: 326.251.


1-Adamantan-1-yl-3-{(1R,2R)-2-dimethylaminocyclohexyl}thio-
urea 24. Compound 24 was prepared from the corresponding
amine (300 mg, 2.11 mmol, 1.00 eq.) and 1-adamantylisothio-
cyanate (408 mg, 2.11 mmol, 1.00 eq.), and isolated as a colourless
amorphous solid (550 mg, 78%). Mp 78–79 ◦C. [a]589 = −69.0,
[a]546 = −81.8, [a]405 = −158.6, [a]365 = −194.8 (c = 1.00, CHCl3).
1H-NMR (300 MHz, CDCl3): d = 0.93–1.35 (m; 4H), 1.55–1.66
(m; 7H), 1.80–1.82 (m; 2H), 1.94 (s; 6H), 2.05 (s; 3H), 2.17 (s;
6H), 2.31–2.38 (m; 1H), 2.93–2.97 (m; 1H), 3.45–3.55 (m; 1H),
6.09 (br s; 1H), 6.61 (br s; 1H). 13C-NMR (75 MHz, CDCl3):


d = 21.4, 24.3, 25.3, 29.3, 32.6, 36.0, 39.6, 41.8, 53.4, 56.8, 67.2,
180.8. FT-IR (ATR): m[cm−1] = 3273 (br), 2904 (s), 2849 (sh),
2784 (m), 1521 (s), 1473 (w), 1450 (m), 1399 (w), 1370 (w), 1356
(sh), 1340 (w), 1306 (m), 1294 (m), 1250 (w), 1228 (w), 1203 (m),
1186 (w), 1149 (w), 1114 (w), 1088 (m), 1060 (m), 1039 (m), 979
(w), 957 (w), 914 (m), 872 (w), 836 (sh), 730 (s). HRMS (EI): calcd
for [C19H34N3S] ([M + H]+): 336.247, found: 336.247. Elemental
analysis: anal. calcd for C19H33N3S: C 68.01, H 9.91, N 12.52,
found: C 67.65, H 9.78, N 12.58%.


1,6-Di-{3-(1R,2R)-2-dimethylaminocyclohexyl}ureado hexane
25. Compound 25 was prepared from the corresponding amine
(300 mg, 2.11 mmol, 2.27 eq.) and 1,6-diisocyanatohexane
(156 mg, 0.93 mmol, 1.00 eq.), and isolated as a colourless foam
(330 mg, 79%). 1H-NMR (300 MHz, CDCl3): d = 0.92–1.78 (m;
24H), 2.15 (s; 12H), 2.26–2.30 (m; 2H), 3.02–3.08 (m; 4H), 3.27–
3.37 (m; 2H), 4.96–4.98 (m; 2H), 5.35–5.36 (m; 2H). 13C-NMR
(75 MHz, CDCl3): d = 21.4, 24.6, 25.2, 26.3, 29.8, 34.0, 39.9, 40.1,
51.3, 66.7. FT-IR (ATR): m[cm−1] = 3315 (br), 2926 (s), 2854 (sh),
2774 (m), 1632 (s), 1562 (s), 1453 (w), 1314 (w), 1262 (m), 1238 (m),
1188 (w), 1084 (w), 1043 (m), 871 (sh), 848 (w), 729 (m). HRMS
(EI): calcd for [C24H49N6O2] ([M + H]+): 453.392, found: 453.391.


1-{(1R,2R)-2-(Dimethylamino)cyclohexyl}-3-{(R)-1-phenylethyl}-
urea 26a. Compound 26a was prepared from the corresponding
amine (315 mg, 2.21 mmol, 1.00 eq.) and (R)-1-phenylethyl
isocyanate (310 lL, 2.21 mmol, 1.00 eq.), and isolated as a
colourless crystalline solid (445 mg, 70%). Mp 137 ◦C. [a]589 =
−33.3, [a]546 = −38.6, [a]405 = −66.5, [a]365 = −77.0, [a]334 = −82.1
(c = 1.015, CHCl3). 1H-NMR (300 MHz, CDCl3): d = 0.88–1.30
(m; 4H), 1.37 (d, J = 6.82 Hz; 3H), 1.54–1.71 (m; 3H), 1.91 (s;
6H), 2.03–2.11 (m; 1H), 2.37–2.43 (m; 1H), 3.11–3.19 (m; 1H),
4.64 (dq, J = 6.53, 6.82 Hz; 1H), 5.11 (d, J = 6.53 Hz; 1H),
5.35 (br s; 1H), 7.16–7.25 (m; 1H), 7.28 (d, J = 4.41 Hz; 4H).
13C-NMR (75 MHz, CDCl3): d = 21.1, 23.8, 24.5, 25.2, 33.5, 39.4,
50.5, 51.7, 66.5, 125.8, 127.0, 128.5, 144.6, 158.8. FT-IR (KBr):
m[cm−1] = 3359 (s), 3298 (s), 3060 (w), 2970 (m), 2933 (s), 2858 (s),
2820 (m), 2778 (m), 1670 (w), 1622 (s), 1570 (s), 1449 (m), 1375
(w), 1321 (w), 1262 (m), 1239 (m), 1190 (w), 1095 (m), 1027 (w),
872 (m), 764 (m), 706 (s). HRMS (ESI): calcd for [C17H28N3O]
([M + H]+): 290.223, found: 290.223. Elemental analysis: anal.
calcd for C17H27N3O: C 70.55, H 9.40, N 14.52, found: C 70.05,
H 9.22, N 14.45%.


1-{(1R,2R)-2-(Dimethylamino)cyclohexyl}-3-{(S)-1-phenylethyl}-
urea 26b. Compound 26b was prepared from the corresponding
amine (225 mg, 1.58 mmol, 1.00 eq.) and (S)-1-phenylethyl
isocyanate (223 lL, 1.58 mmol, 1.00 eq.), and isolated as a
colourless crystalline solid (345 mg, 75%). Mp 146 ◦C. [a]589 =
−57.2, [a]546 = −67.7, [a]405 = −137.1, [a]365 = −179.5, [a]334 =
−230.2 (c = 1.00, CHCl3). 1H-NMR (300 MHz, CDCl3): d =
0.88–1.29 (m; 4H), 1.42 (d, J = 6.93 Hz; 3H), 1.56–1.77 (m; 3H),
2.09–2.14 (m, 1H), 2.16 (s; 6H), 2.36–2.42 (m; 1H), 3.19–3.28 (m;
1H), 4.79 (dq, J = 6.93, 6.85 Hz; 1H), 4.98 (br s; 1H), 5.18 (br s;
1H), 7.17–7.31 (m; 5H). 13C-NMR (75 MHz, CDCl3): d = 21.4,
23.1, 24.5, 25.2, 33.6, 39.9, 50.0, 51.9, 66.8, 126.0, 127.0, 128.5,
144.6, 158.4. FT-IR (KBr): m[cm−1] = 3335 (s), 3302 (s), 2976
(m), 2921 (s), 2859 (m), 2821 (m), 2777 (m), 1674 (w), 1622 (s),
1559 (s), 1456 (m), 1372 (w), 1330 (m), 1255 (m), 1235 (m), 1208
(m), 1106 (m), 1074 (m), 1052 (w), 1020 (m), 873 (w), 830 (w),
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745 (w), 703 (s). HRMS (ESI): calcd for [C17H27N3NaO] ([M +
Na]+): 312.205, found: 312.206. Elemental analysis: anal. calcd
for C17H27N3O: C 70.55, H 9.40, N 14.52, found: C 70.32, H 9.34,
N 14.47%.


1-{(S)-1-(Dimethylcarbamoyl)-2,2-dimethylpropyl}-3-{(1R,2R)-
2-(dimethylamino)cyclohexyl}thiourea 27a. Compound 27a
was prepared from the corresponding isothiocyanate (337 mg,
1.68 mmol, 1.00 eq.) and the (1R,2R)-N,N-dimethyl-1,2-
diaminocyclohexane (275 mg, 1.93 mmol, 1.15 eq.), and isolated
as a colourless foam (350 mg, 61%). Mp 146 ◦C. [a]589 = +7.3,
[a]546 = +8.9, [a]405 = +10.6, [a]365 = −2.9 (c = 0.71, CHCl3).
1H-NMR (300 MHz, CDCl3): d = 0.93 (s; 9H), 1.02–1.12 (m; 4H),
1.58–1.76 (m; 3H), 2.13 (s; 6H), 2.21–2.29 (m; 2H), 2.85 (s; 3H),
3.15 (s; 3H), 3.50 (m; 1H), 5.50 (d, J = 8.97 Hz; 1H), 6.66 (br s;
1H), 7.03 (d, J = 8.97 Hz; 1H). 13C-NMR (75 MHz, CDCl3):
d = 21.9, 24.5, 24.9, 26.6, 32.9, 35.4, 35.9, 38.4, 40.1, 55.4, 59.9,
66.5, 171.9, 182.3. FT-IR (ATR): m[cm−1] = 3307 (br), 2928 (s),
2857 (sh), 2781 (w), 1624 (s), 1536 (s), 1477 (w), 1416 (w), 1396
(m), 1364 (m), 1319 (w), 1253 (w), 1238 (w), 1188 (w), 1139 (m),
1118 (w), 1083 (m), 1062 (w), 1036 (m), 947 (m), 914 (m), 872
(sh), 825 (w), 730 (s). HRMS (ESI): calcd for [C17H35N4OS] ([M +
H]+): 343.253, found: 343.253. Elemental analysis: anal. calcd for
C17H34N4OS: C 59.61, H 10.00, N 16.36, found: C 59.20, H 9.88,
N 16.19.


1-{(S)-1-(Diethylcarbamoyl)-2,2-dimethylpropyl}-3-{(1R,2R)-
2-(dimethylamino)cyclohexyl}thiourea 27b. Compound 27b
was prepared from the corresponding isothiocyanate
(440 mg, 1.93 mmol, 1.00 eq.) and (1R,2R)-N,N-dimethyl-
1,2-diaminocyclohexane (313 mg, 2.20 mmol, 1.14 eq.), and
isolated as a colourless foam (515 mg, 72%). Mp 120–121 ◦C.
[a]589 = −46.4, [a]546 = −55.9, [a]405 = −135.9, [a]365 = −209.7 (c =
1.01, CHCl3). 1H-NMR (300 MHz, CDCl3): d = 0.94 (s; 9H), 1.02
(t, J = 7.13 Hz; 3H), 1.09–1.12 (m; 4H), 1.20 (t, J = 7.13 Hz; 3H),
1.58–1.78 (m; 3H), 2.14 (s; 6H), 2.25–2.33 (m; 2H), 2.91–3.03 (m;
1H), 3.25–3.34 (m; 1H), 3.45–3.49 (m; 1H), 3.54–3.67 (m; 2H),
5.44 (d, J = 8.96 Hz; 1H), 6.60 (br s; 1H), 6.95 (d, J = 8.96 Hz;
1H). 13C-NMR (75 MHz, CDCl3): d = 12.7, 14.5, 21.8, 24.5, 24.8,
26.7, 32.9, 36.1, 39.8, 40.0, 42.7, 55.2, 59.7, 66.5, 170.6, 182.2.
FT-IR (ATR): m[cm−1] = 3320 (br), 2934 (s), 2861 (m), 2788 (w),
1622 (s), 1540 (s), 1458 (s), 1364 (s), 1321 (m), 1265 (m), 1216 (w),
1187 (w), 1138 (w), 1084 (w), 1035 (w), 949 (m), 873 (m), 840 (m),
787 (w), 747 (m). HRMS (ESI): calcd for [C19H39N4OS] ([M +
H]+): 371.284, found: 371.284. Elemental analysis: anal. calcd for
C19H38N4OS: C 61.58, H 10.34, N 15.12, found: C 61.28, H 10.30,
N 15.01%.


1-{(S)-1-(N -Benzyl-N -methylcarbamoyl)-2,2-dimethylpropyl}-
3-{(1R,2R)-2-(dimethylamino)cyclohexyl}thiourea 27c. Com-
pound 27c was prepared from the corresponding isothiocyanate
(430 mg, 1.56 mmol, 1.00 eq.) and the (1R,2R)-N,N-dimethyl-1,2-
diaminocyclohexane (260 mg, 1.83 mmol, 1.17 eq.), and isolated
as a colourless foam (483 mg, 74%). Mp 58–59 ◦C. [a]589 = −17.5,
[a]546 = −21.8, [a]405 = −60.2, [a]365 = −99.2 (c = 1.01, CHCl3).
1H-NMR (500 MHz, CDCl3): d = 1.06 (s; 9H), 1.18–1.32 (m; 4H),
1.69–1.87 (m; 3H), 2.28 (s; 6H), 2.36–2.42 (m; 1H), 2.56–2.58 (m;
1H), 3.19 (s; 3H), 3.84 (m; 1H), 4.50 (d, J = 14.6 Hz; 1H), 4.69 (d,
J = 14.6 Hz; 1H), 5.48 (d, J = 8.5 Hz; 1H), 7.11 (br s; 1H), 7.20
(br d, J = 8.5 Hz; 1H), 7.22–7.34 (m; 5H). 13C-NMR (125 MHz,


CDCl3): d = 21.8, 24.5, 24.8, 26.8, 32.9, 35.7, 36.0, 39.9, 51.2,
55.2, 60.3, 66.5, 127.2, 127.9, 128.4, 136.8, 172.5, 182.5. FT-IR
(ATR): m[cm−1] = 3308 (br), 3060 (w), 2930 (s), 2857 (m), 2782
(w), 1626 (s), 1535 (s), 1494 (w), 1477 (w), 1450 (m), 1413 (m),
1364 (m), 1320 (m), 1267 (w), 1237 (w), 1186 (w), 1081 (m), 1030
(w), 950 (w), 873 (w), 733 (m), 701 (s). HRMS (ESI): calcd for
[C23H39N4OS] ([M + H]+): 419.285, found: 419.284. Elemental
analysis: anal. calcd for C23H38N4OS: C 65.99, H 9.15, N 13.38,
found: C 65.60, H 9.15, N 13.15%.


1-{(S)-1-(Benzylcarbamoyl)-2,2-dimethylpropyl}-3-{(1R,2R)-2-
(dimethylamino)cyclohexyl}thiourea 27d. Compound 27d was
prepared from the corresponding isothiocyanate (430 mg,
1.64 mmol, 1.00 eq.) and (1R,2R)-N,N-dimethyl-1,2-diamino-
cyclohexane (275 mg, 1.93 mmol, 1.18 eq.), and isolated as
an off-white foam (490 mg, 74%). Mp 89–91 ◦C. 1H-NMR
(300 MHz, CDCl3): d = 1.00 (s; 9H), 1.09–1.85 (m; 4H), 1.61–1.76
(m; 3H), 2.16 (s; 6H), 2.22–2.24 (m; 1H), 2.54 (m; 1H), 3.98
(m; 1H), 4.20 (dd, J = 5.38, 14.88 Hz; 1H), 4.42 (dd, J = 6.10,
14.88 Hz; 1H), 4.70 (m; 1H), 4.86 (br m; 1H), 7.17–7.24 (m; 7H).
13C-NMR (75 MHz, CDCl3): d = 22.0, 24.5, 24.6, 27.0, 32.9, 34.4,
39.8, 43.1, 54.9, 66.5, 127.0, 127.6, 128.3, 138.1, 171.3, 182.2.
FT-IR (ATR): m[cm−1] = 3264 (br), 3061 (m), 2933 (s), 2862 (m),
2793 (w), 1644 (s), 1537 (s), 1474 (w), 1452 (m), 1399 (w), 1359
(m), 1309 (m), 1232 (w), 1182 (w), 1088 (m), 1028 (sh), 991 (w),
949 (w), 909 (m), 873 (sh), 851 (w), 824 (w), 728 (s). HRMS (ESI):
calcd for [C22H37N4OS] ([M + H]+): 405.269, found: 405.269.


1-{(S)-1-(Diisobutylcarbamoyl)-2,2-dimethylpropyl}-3-{(1R,2R)-
2-(dimethylamino)cyclohexyl}thiourea 27e. Compound 27e
was prepared from the corresponding isothiocyanate (598 mg,
2.10 mmol, 1.00 eq.) and the (1R,2R)-N,N-dimethyl-1,2-
diaminocyclohexane (320 mg, 2.25 mmol, 1.07 eq.), and isolated
as a colourless foam (600 mg, 67%). Mp 59–61 ◦C. [a]589 = −34.9,
[a]546 = −42.6, [a]405 = −107.3, [a]365 = −174.3 (c = 1.03, CHCl3).
1H-NMR (300 MHz, CDCl3): d = 0.80–0.88 (m; 12H), 0.97 (s;
9H), 1.03–1.24 (m; 4H), 1.59–1.79 (m; 3H), 1.85–2.05 (m; 2H),
2.13 (s; 6H), 2.19–2.35 (m; 2H), 2.58–2.65 (m; 1H), 3.05–3.12 (m;
1H), 3.37–3.65 (m; 3H), 5.53 (br s; 1H), 6.43 (s; 1H), 6.92 (d,
J = 8.6 Hz; 1H). 13C-NMR (75 MHz, CDCl3): d = 19.3, 20.2,
20.4, 20.5, 21.7, 24.5, 25.0, 26.5, 26.9, 27.9, 32.9, 36.9, 39.9, 53.5,
55.3, 56.2, 59.8, 66.6, 172.2, 182.1. FT-IR (ATR): m[cm−1] = 3315
(br), 3054 (br), 2954 (s), 2928 (s), 2865 (m), 2825 (w), 2782 (w),
1617 (s), 1527 (s), 1465 (s), 1445 (s), 1385 (m), 1363 (s), 1338 (w),
1320 (w), 1301 (w), 1268 (w), 1238 (m), 1207 (m), 1188 (w), 1140
(m), 1119 (w), 1096 (m), 1085 (m), 1062 (w), 1035 (m), 946 (sh),
900 (w), 872 (sh), 848 (w), 821 (m), 753 (sh). HRMS (EI): calcd
for [C23H46N4OS] ([M]+): 426.339, found: 426.339. Elemental
analysis: anal. calcd for C23H46N4OS: C 64.74, H 10.87, N 13.13,
found: C 64.34, H 10.84, N 13.09%.


1-{(R)-1-(N-Benzyl-N-methylcarbamoyl)-2,2-dimethyl propyl}-
3-{(1R,2R)-2-(dimethylamino)cyclohexyl}thiourea 28. Com-
pound 28 was prepared from the corresponding isothiocyanate
(552 mg, 2.00 mmol, 1.00 eq.) and the (1R,2R)-N,N-dimethyl-1,2-
diaminocyclohexane (310 mg, 2.18 mmol, 1.09 eq.), and isolated
as a colourless foam (530 mg, 64%). Mp 64–65 ◦C. [a]589 = +47.7,
[a]546 = +58.9, [a]405 = +149.1, [a]365 = +216.7 (c = 1.00, CHCl3).
1H-NMR (300 MHz, CDCl3): d = 1.02 (s; 9H), 1.09–1.26 (m; 4H),
1.64–1.85 (m; 3H), 2.19–2.31 (m; 2H), 2.24 (s; 6H), 3.17 (s; 3H),
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3.48 (br s; 1H), 4.36 (d, J = 14.6 Hz; 1H), 4.76 (d, J = 14.6 Hz;
1H), 5.60 (d, J = 9.3 Hz; 1H), 6.45 (br s; 1H), 7.19–7.34 (m; 5H),
8.28 (br s; 1H). 13C-NMR (75 MHz, CDCl3): d = 23.3, 24.5, 24.9,
26.8, 33.0, 36.1, 36.2, 40.8, 51.1, 56.7, 60.8, 67.5, 127.3, 128.0,
128.5, 136.9, 172.1, 183.3. FT-IR (ATR): m[cm−1] = 3324 (br),
3059 (w), 3027 (w), 2929 (s), 2857 (m), 2823 (w), 2782 (m), 1620
(s), 1530 (s), 1494 (w), 1477 (w), 1448 (m), 1413 (m), 1363 (m),
1319 (m), 1268 (m), 1253 (w), 1234 (m), 1207 (w), 1189 (w), 1153
(w), 1108 (w), 1082 (m), 1028 (w), 947 (m), 910 (m), 873 (sh), 849
(w), 822 (w), 730 (s). HRMS (ESI): calcd for [C23H39N4OS] ([M +
H]+): 419.285, found: 419.284. Elemental analysis: anal. calcd for
C23H38N4OS: C 65.99, H 9.15, N 13.38, found: C 65.55, H 9.08,
N 13.38%.


1-{(S)-1-(N -benzyl-N -methylcarbamoyl)-3,3-dimethylbutyl}-3-
{(1R,2R)-2-(dimethylamino)cyclohexyl}thiourea 29. Compound
29 was prepared from the corresponding isothiocyanate
(747 mg, 2.57 mmol, 1.00 eq.) and (1R,2R)-N,N-dimethyl-1,2-
diaminocyclohexane (400 mg, 2.81 mmol, 1.09 eq.), and isolated
as a colourless foam (832 mg, 75%). Mp 67–68 ◦C. 1H-NMR
(300 MHz, CDCl3): d = 0.82, 0.99 (2s; 9H), 1.06–1.27 (m; 5H),
1.53–1.77 (m; 5H), 2.24, 2.26 (2s; 6H), 2.34–2.41 (m; 2H), 2.92, 3.11
(2s; 3H), 3.64–3.71 (br s; 1H), 4.42 (d, J = 14.84 Hz; 0.7H), 4.60
(d, J = 16.50 Hz; 0.3H), 4.68 (d, J = 14.84 Hz; 0.7H), 5.06 (d, J =
16.50 Hz; 0.3H), 5.63–5.68 (m; 1H), 6.66 (br s; 1H), 7.18–7.35 (m;
5H), 7.91 (br s; 1H). 13C-NMR (75 MHz, CDCl3): d = 22.0, 22.3,
24.5, 24.8, 29.7, 30.0, 30.7, 30.9, 33.2, 34.4, 35.0, 40.2, 46.2, 46.8,
51.3, 52.4, 53.5, 55.1, 55.3, 67.0, 127.1, 127.4, 127.6, 127.7, 128.6,
128.7, 136.5, 136.7, 174.2, 181.7, 182.0. FT-IR (ATR): m[cm−1] =
3318 (br s), 2931 (s), 2858 (m), 2823 (w), 2779 (m), 1629 (s), 1543
(s), 1494 (w), 1475 (w), 1450 (m), 1419 (w), 1362 (m), 1318 (w),
1270 (w), 1253 (w), 1206 (w), 1150 (w), 1084 (m), 1038 (w), 945
(w), 911 (m), 875 (w), 851 (w), 730 (s). HRMS (EI): calcd for
[C24H41N4OS] ([M + H]+): 433.300, found: 433.300.


X-Ray crystallography data‡


1-{3,5-Bis(trifluoromethyl)phenyl}-3-{(1R,2R)-2-(N -benzyl-N -
methylamino)cyclohexyl}urea 1f. C23H25F6N3O·CH3HCOHCH3,
M = 533.55, monoclinic, a = 14.2234(7), b = 8.9069(5), c =
21.5226(13) Å, b = 90.890(0)◦, U = 2726.3(3) Å3, T = 100(2)
K, space group P21, Z = 4, l = 0.110 mm−1, 13 589 reflections
measured, 6269 unique (Rint = 0.105). The final R1 and wR2 were
0.075 and 0.111 (I>2r(I)).


1-{3,5-Bis(trifluoromethyl)phenyl}-3-{(1R,2R)-2-(diallylamino)-
cyclohexyl}urea 1g. C21H25F6N3O, M = 449.44, triclinic, a =
9.3840(10), b = 9.9690(10), c = 12.6230(10) Å, a = 81.560(10),
b = 89.690(10), c = 71.130(10)◦, U = 1104.19(18) Å3, T = 293(2)
K, space group P1, Z = 2, l = 0.119 mm−1, 6801 reflections
measured, 4749 unique (Rint = 0.043). The final R1 and wR2 were
0.067 and 0.149 (I>2r(I)).


N -[3,5-Bis(trifluoromethyl)phenyl]-N ′-[(1R,3S)-3-{[({[3,5-bis-
( trifluoromethyl )phenyl ]amino}oxomethyl )amino ]methyl} -3,5,5 -
trimethylcyclohexyl]urea 5a. C28H28F12N4O2·CH3OH, M =
712.59, orthorhombic, a = 10.0545(8), b = 15.0943(13), c =
21.3967 Å, U = 3247.3(4) Å3, T = 100(2) K, space group P212121,


‡ CCDC reference numbers 605365–605373. For crystallographic data in
CIF or other electronic format see DOI: 10.1039/b607574f


Z = 4, l = 0.141 mm−1, 11 456 reflections measured, 3913 unique
(Rint = 0.073). The final R1 and wR2 were 0.048 and 0.091
(I>2r(I)).


1-{3,5-Bis(trifluoromethyl)phenyl}-3-{(2S)-dimethylamino-(1S)-
phenylpropyl}urea 9. C20H21F6N3O, M = 433.40, monoclinic,
a = 10.5778(9), b = 18.5187(16), c = 11.1532(13) Å, b =
100.72(1)◦, U = 2146.6(4) Å3, T = 293(2) K, space group P21,
Z = 4, l = 0.120 mm−1, 12 334 reflections measured, 4834 unique
(Rint = 0.097). The final R1 and wR2 were 0.063 and 0.116
(I>2r(I)).


1-(3,5-Dinitrophenyl)-3-{(1R,2R)-2-(dimethylamino)cyclohexyl}-
urea 17. C31H48N10O12, M = 752.79, monoclinic, a = 8.1767(6),
b = 22.874(2), c = 10.1933(6) Å, b = 108.158(3)◦, U =
1811.5(2) Å3, T = 100(2), space group P21, Z = 2, l =
0.107 mm−1, 7412 reflections measured, 4031 unique (Rint =
0.038). The final R1 and wR2 were 0.059 and 0.157 (I>2r(I)).


1-{(1R,2R)-2-(Dimethylamino)cyclohexyl}-3-mesitylurea 18.
C18H29N3O, M = 303.44, orthorhombic, a = 11.8168(3), b =
16.6626(6), c = 18.2008(5) Å, U = 3583.71(19) Å3, T = 100(2) K,
space group P212121, Z = 8, l = 0.071 mm−1, 18 006 reflections
measured, 4342 unique (Rint = 0.093). The final R1 and wR2 were
0.052 and 0.084 (I>2r(I)).


1-{(1R,2R)-2-(Dimethylamino)cyclohexyl}-3-methylthiourea 20.
C10H21N3S, M = 215.36, orthorhombic, a = 11.5762(4), b =
12.7340(4), c = 16.3923(6) Å, U = 2416.41(14) Å3, T = 100(2) K,
space group P212121, Z = 8, l = 0.238 mm−1, 13 703 reflections
measured, 5270 unique (Rint = 0.038). The final R1 and wR2 were
0.035 and 0.066 (I>2r(I)).


1-{(1R,2R)-2-(Dimethylamino)cyclohexyl}-3-{(R)-1-phenylethyl}-
urea 26a. C17H27N3O, M = 289.42, monoclinic, a = 8.7335(2),
b = 22.1650(6), c = 9.9252(3) Å, b = 101.774(1)◦, U =
1880.88(9) Å3, T = 100(2) K, space group P21, Z = 4, l =
0.065 mm−1, 9471 reflections measured, 3892 unique (Rint =
0.043). The final R1 and wR2 were 0.039 and 0.082 (I>2r(I)).


1-{(1R,2R)-2-(Dimethylamino)cyclohexyl}-3-{(S)-1-phenylethyl}-
urea 26b. C17H27N3O, M = 289.42, orthorhombic, a = 9.1661(4),
b = 11.3191(6), c = 15.5757(8) Å, U = 1616.01(14) Å3, T =
293(2) K, space group P212121, Z = 4, l = 0.075, 7841 reflections
measured, 2021 unique (Rint = 0.044). The final R1 and wR2 were
0.034 and 0.068 (I>2r(I)).
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N-Methyl trans-fused perhydroisoindolines substituted with a tributylstannyl group in the 2-position
have been prepared and used as precursors of the corresponding a-aminoorganolithiums. The steric
course of the reactions of these and other conformationally rigid organolithiums with various
electrophiles is summarized and compared with the steric course of the unsubstituted analogs. A
mechanistic rationale for the steric course of electrophilic substitutions of these organolithiums is
discussed. Pathways involving both polar electrophilic substitutions and radical couplings were
observed with different electrophiles.


Introduction


Four recent review monographs on organolithium chemistry
attest to the importance of organolithium species in organic
synthesis.1–4 Several new methods employ organolithiums in which
the metal-bearing carbon atom is stereogenic and also possesses a
heteroatom substituent (X in eqn (1)). Many chiral organolithium
species are versatile in stereoselective synthesis due to their config-
urational stability and their ability to form carbon–carbon bonds,
often with a high degree of stereoselectivity.5 One of the more
versatile such classes is a-aminoorganolithium compounds.6 For
example, enantiopure ‘unstabilized’ N-alkyl-2-lithiopyrrolidines
and piperidines resist inversion at temperatures below −40 ◦C,7


with enantiomerization barriers of 22 kcal mol−1 at 273 K.8


(1)


Stereoselectivity in electrophilic substitutions of organolithium
compounds depends on the configurational stability of the
carbanionic carbon as well as the mechanism of the reaction.
Polar electrophilic substitutions of a-aminoorganolithiums may
occur with either retention or inversion of configuration (eqn
(2)).9 The relative rates of enantiomerization and electrophilic
substitution obviously affect the stereochemical outcome of the
process. Other factors, such as single electron transfer (SET),
may also be important in certain instances.10 Depending on the
relative redox potentials of the organolithium and the electrophile,
and the rate of the competing SE2 reaction, SET can occur
to produce radicals that couple, dimerize and disproportionate.
Usually, intermolecular couplings are stereorandom (eqn (3)).10


(2)
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and HR FT-MS of 11e. See DOI: 10.1039/b608013h


(3)


Several years ago, we studied the steric course of electrophilic
substitutions of N-methyl-2-lithiopyrrolidines and -piperidines,
which were obtained by tin–lithium exchange of the corresponding
stannane (Scheme 1).11 The scalemic stannanes 1a,b were of high
enantiopurity (≥97 : 3 er), and transmetallation was assumed to
take place with retention of the configuration at C2, to afford
organolithiums (S)-2a,b in enantiomeric ratio (er) similar to
that of 1. The evaluation of the configuration and er of 3a,b
after electrophilic quench afforded a clear picture of the steric
course of the reaction. Of particular interest is the fact that
both invertive (SE2inv) and retentive (SE2ret) substitution patterns
were observed, as well as complete racemization in some cases.11


Subsequently, we determined that the instances of complete
racemization were best explained by a single electron transfer
(SET) mechanism when the electrophile was easily reducible.10 For
electrophiles which underwent substitution by a polar mechanism,
both invertive and retentive pathways were observed, depending
on the electrophile. With carbonyl electrophiles such as carbonic
acid derivatives, aldehydes and ketones, SE2ret was the exclusive
course; with alkyl halides, SE2inv was the predominant pathway.
Interestingly, with piperidines 2b, the reaction with alkyl halides
was 100% invertive, whereas with pyrrolidines 2a, the similar
reaction with the same electrophile was about 80% invertive and
20% retentive.11 The lower stereoselectivity of the 2a substitutions
with alkyl halides was shown to not be the result of SET, and


Scheme 1
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we concluded that the mechanism involved competing polar
pathways.10


Studies such as those outlined in Scheme 1 are conceptually
simple because there is only one stereocenter in stannane 1,
although the assignment of absolute configurations, and measure-
ment of the enantiomer ratios in a large number of products 3
presented a significant challenge. Nevertheless, such studies are
valuable in that they provide fundamental knowledge about the
steric course of electrophilic substitutions in the absence of any
other bias, such as an additional stereocenter or a chiral ligand.
Such knowledge is relevant to developing methods of dynamic
resolution, in which racemic organolithiums are treated first with
a chiral ligand, then an electrophile, to afford enantioenriched
products of electrophilic substitution.12 Because of the variation
in stereochemical outcome observed in unsubstituted heterocyclic
systems, especially pyrrolidines, it is of interest to determine the
stereochemical outcome in substituted lithiopyrrolidines. In this
paper, we summarize our efforts in the evaluation of the steric
course of electrophilic substitutions of 2-lithiopyrrolidines and
2-lithiopiperidines13 having additional stereocenters.


Results


Racemic, trans-fused perhydroisoindoline 7 was synthesized as
outlined in Scheme 2. Commercially available anhydride 4 was
condensed with benzyl amine, according to the procedure of Toru
et al.,14 to give imide 5 in 97% yield. Reduction of the imide
carbonyls afforded 6 in 97% yield, and hydrogenolysis in the
presence of di-tert-butyl dicarbonate exchanged the N-benzyl for
an N-Boc in 96% yield.


As shown in Scheme 3, trans N-Boc perhydroisoindoline 7
was deprotonated with s-butyllithium–TMEDA in ether and
stannylated with tributyltin chloride to afford 8 in 75% yield and
80–90% diastereoselectivity. After chromotragraphic separation,
the major diastereomer of 8 was reduced to the N-methyl
heterocycle 9 in 98% yield. An attempt was made to achieve a
kinetic resolution in the deprotonation–stannylation of racemic
7. In the event, the yield was 35%, the diastereoselectivity was
improved, but the enantioselectivity was low. Assuming that
the intermediate organolithium is configurationally stable and
alkylates with retention, this outcome is consistent with a higher
degree of selectivity for removal of the HSi proton vs. the HRe


proton in the enantiomer of 7 illustrated in Scheme 3. This proton
is in a pseudoequatorial orientation in the 5-membered ring. The
low enantiomer ratio indicates that excess s-BuLi·sparteine shows
little preference for removal the pseudoequatorial HSi proton of 7
vs. removal of the pseudoequatorial HRe proton of ent-7.


The relative configuration of the major diastereomer of 9 was
evaluated by measurement of the 3J 1H–1H coupling (H-1/H-7a)
and the 3J 13C–119Sn (CH3, C-3, C-3a, and C-6), and comparison
with models (Fig. 1). Molecular mechanics calculations, in which


Scheme 3


Fig. 1 Deviations between calculated and observed 3J coupling constants
in 9: 1) Sn–C7; 2) Sn–C3a; 3) Sn–C3; 4) Sn–CH3; 5) H1–H7a.


the tributyltin was simulated by a tert-butyl group with the C–Sn
bond fixed at 2.0 Å, provided approximate values of the relevant
torsion angles in which H-7a and the Sn are either cis or trans.
Coupling constants were calculated from these torsions using
the Karplus relationships.15–18 Fig. 1 shows the deviations of the
calculated values from the observed NMR data. The best fit is
for the diastereomer of 9 illustrated in Scheme 3, in which H-
7a and the tin are cis. We attempted to confirm this assignment
by X-ray crystallographic analysis of the methylated ammonium
hexafluorophosphate salt of 9. Due to some possible twinning and
disorder in the butyl groups, the diffraction data were not adequate
for a complete refinement, but the relative configuration in the
partially refined structure was consistent with this assignment.


Transmetalation of stannane 9 afforded organolithium 10,
which was treated with several electrophiles as shown in Scheme 4.
Addition of carbon dioxide to 10 followed by reduction gave
alcohol 11a (76%) as a single diastereomer. The relative con-
figuration of 11a was established by X-ray crystallography, and
indicates overall retentive substitution from 9 to 11a, consistent
with the retentive reaction of 1a,b with this electrophile. Addition
of cyclohexanone and acetone to 10 yielded 11b (61%) and 11c
(35%), respectively, each as a single diastereomer with retention of
configuration. In all three cases (11a–c), the relative configuration
was confirmed by evaluation of the H1–H7a 3J coupling constant
using the Karplus equation.17 Addition of benzophenone to 10
afforded a 65% yield of 11d as a 71 : 29 ratio of diastereomers.
As a representative alkyl halide, 3-phenyl-1-bromopropane was
chosen. The two step sequence of transmetalation and electrophilic
quench proceeded in 68% yield to give 11e as a 53 : 47 mixture of
diastereomers, as determined by GC and 1H NMR.


Scheme 2
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Scheme 4


Discussion


The solution structure of N-alkyl-2-lithiopyrrolidines can be quite
complex. The solution structure of N-methyl-2-lithiopyrrolidine
2a (Scheme 1) was shown to be a homochiral dimer using
13C and 6Li labeling.19 However, subsequent work with other
enantioenriched and racemic N-alkyl-2-lithiopyrrolidines shows
the presence of several equilibrating species, including monomer
and more than one dimer.20 Thus lithiopyrrolidines have a number
of possible solution structures. Since we do not know which
of the solution species are reactive, we can only determine
the stereochemical outcome of the reaction, and try to draw
conclusions about mechanism as best we can. There are two
electrophilic substitutions in the conversion of organostannane
to product; we assume that the tin–lithium exchange reaction in
these systems is stereoretentive. For simplicity, the organolithiums
are drawn as monomers, and any possible bridging of lithium from
carbon to nitrogen,19 is omitted.


Carbonyl electrophiles


Substitution of carbon dioxide, cyclohexanone or acetone for
lithium in 10 affords 11a–c with >99% retention of configuration
at the metal-bearing carbon (Scheme 4). The steric course of the
reaction of 10 with these electrophiles is the same as that previously
observed for unsubstituted pyrrolidines and piperidines 2a,b,
which give 12a,b with retention (Scheme 5a),11 and for substituted
piperidine 13, which gives 14a,b with retention (Scheme 5b).13 In
the case of 10 and 13, the relevant issue is diastereoselectivity,
whereas with 2a,b, it is enantioselectivity. All of these results are


Scheme 5


consistent with a polar process, probably occurring through a
transition state in which the carbonyl oxygen coordinates to the
lithium, prior to reaction with the electrophile.


In electrophilic substitutions, benzophenone behaves differently
from aliphatic ketones or benzaldehyde. Electrophilic substitution
for lithium in 2a and 2b is stereorandom, affording racemic 15a,b
(Scheme 5c).11 Electron transfer from the carbanionic carbon to
the benzophenone affords a heterocyclic radical and the blue
benzophenone ketyl, which can be observed visually and by
EPR in the reaction mixture. Although observation of the ketyl
does not place it on the reaction coordinate, by testing and
eliminating other possible mechanistic pathways, we concluded
that the mechanism of the coupling is via single electron transfer
(SET).10 Interestingly, the heterocyclic radical and the ketyl couple
in remarkably high yield. When lithiopyrrolidine 10 is allowed to
react with benzophenone, the reaction mixture turns blue and
the substitution product 11d is obtained in 65% yield as a 71 :
29 mixture of diastereomers. Presumably, the mechanism of this
reaction is also SET, and the diastereoselectivity is due to inherent
diastereofacial bias in the radical coupling.


Alkyl halide electrophiles


When 10 was allowed to react with 1-bromo-3-phenyl propane, the
substitution product 11e was a 53 : 47 mixture of diastereomers
(Scheme 4). Is the low diastereoselectivity due to SET? By
comparison, when unsubstituted lithiopyrrolidine 2a, having an
er of 97 : 3, was allowed to react with 1-bromo-3-phenylpropane,
the substitution product 3a had a 76 : 24 er; unsubstituted
lithiopiperidine 2b of ≥99 : 1 er afforded 3b having 99 : 1 er. In
both cases, the major enantiomer was that of inversion.11 Radical
processes due to SET were ruled out in the case of 2a by using
hexenyl bromide as the electrophile: substitution products were
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obtained with similar er, but the products of radical reactions
were observed in no more than trace quantities. To probe the
possibility of radical processes in the reaction of 10 with alkyl
halides, 10 was allowed to react with hexenyl bromide, affording
a mixture of products 16–20 which were characterized by GC-
MS, as shown in Scheme 6. Ten percent of the product mixture
were the products of disproportionation, 16 and 17. Two coupling
products were formed, 18 and 19, comprising 53% and 16% of the
product mixture, respectively. Lastly, 21% of the product mixture
consisted of four dimer diastereomers 20. These products, and
the near 50 : 50 diastereomer ratios of 18 and 19, are clear
evidence of SET, as shown by the mechanism in Scheme 6. Single
electron transfer from 10 to hexenyl bromide, accompanied by
loss of LiBr, affords the radicals 21 and 22. The former partly
disproportionates to give 16 and 17; cyclization of the latter gives
23. Coupling of 21 with 22 gives 18, while coupling of 21 with
23 gives 19. Dimerization of 21 gives four diastereomers of 20 of
unknown relative configuration. Note that there are seven possible
diastereomeric dimers of 21: homochiral radical pairs can dimerize
to produce four diastereomers of 20, and heterochiral radical pairs
can dimerize to make one racemate and two meso compounds,
for a total of seven diastereomeric racemates. If the GC resolved
all the diastereomers present, it is interesting to speculate on
the presence of only four. Lithiopyrrolidine 2a is a homochiral
dimer, even when racemic.19 One explanation could be that the
homochiral dimeric aggregate of organolithium 10 is oxidized to
a homochiral radical pair that dimerizes before leaving the solvent
cage. Since we know20 that 2-lithiopyrrolidines can form several
aggregate types in solution, it may be that we are seeing differing
reactivities for each aggregate in solution, each occurring within
its own solvent cage, such as homochiral radical pairs dimerizing
while heterochiral radical pairs disproportionate, etc. It is well
established that pentamethyldiethylenetriamine (PMDTA) can act
as a tridentate ligand to lithium,21–23 so we repeated the experiment,
replacing TMEDA with PMDTA. The results were similar, with
a significant increase in the yield of 18, with decreases in amount
of 19 and dimer 20 (Scheme 6). This is consistent with a different
reactivity profile for different organolithium aggregates.


When does SET rear its ugly head? Obviously, when it is
the lowest energy reaction manifold. One common circumstance
is when the electrophile is easily reduced to a radical anion.


With otherwise unsubstituted N-methyl 2-lithiopyrrolidines and
2-lithiopiperidines, this happens with electrophiles such as ben-
zophenone (Scheme 5c), benzyl bromide, and a-bromoacetate
esters.10 Another circumstance can occur when polar processes
are slowed by steric effects, such that the rate of SET becomes
competitive. An invertive electrophilic substitution with an alkyl
halide is a sterically demanding reaction, as it requires simulta-
neous inversion at two sp3 carbons (eqn (4)). The alkyl halide
electrophile must present the face opposite the leaving group to
the nucleophile, while the organolithium nucleophile must present
the face opposite the lithium to the electrophile. It would not take
much steric interference to obstruct the two reactants from such
an approach. When it is obstructed, SET can become competitive.
It is useful to compare several examples to illustrate this point.


(4)


The simplest and most well defined a-aminoorganolithium
solution structure is that of N-methyl-2-lithiopiperidine, 2b in
THF. Using 13C, 15N, and 6Li labeling, the solution structure was
determined to be monomeric, with lithium in contact with both
carbon and nitrogen (R = H, Scheme 7).19 This 3-membered ring
forces the piperidine into the half-chair conformations eq-2b and
ax-2b. When the piperidine ring is unsubstituted, it is likely that
both are populated; when R = tert-butyl, as in 13, only the eq-13
conformer is energetically available. These two lithiopiperidines
follow very different reaction manifolds, as shown in Scheme 7.


With 2b, the steric course is 100% invertive, producing 24 in
75% yield.11 It is apparent that transition structure ax-23 is the less
crowded of the two, since an interaction with the axial proton at
C4 is avoided. With 13, an entirely different outcome is observed.13


Substitution product 26 was isolated in only 5% yield as a mixture
of diastereomers, along with 5% yield of a dimer 27 (a single
diastereomer of unknown configuration), along with 28 and 29, the
products of radical disproportionation. These four products are
consistent with SET oxidation of organolithium 13, accompanied
by loss of LiBr, to radicals 30 and 31. Examination of the transition
structures 23 in Scheme 7 suggests a reasonable explanation for


Scheme 6
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Scheme 7


the intervention of SET in place of invertive substitution: TS ax-23
is the preferred substitution route because of less steric crowding
between the electrophile and position 4 of the piperidine in TS
eq-23. In 13, the tert-butyl precludes population of conformer
ax-13 and also transition structure ax-23. Since in piperidines, the
preferred steric course is invertive substitution, and since this route
is precluded by the necessity of populating a boat conformation,
the reaction follows the SET path.


Conclusion


Electrophilic substitutions of 2-lithio-N-methylpyrrolidines have
been shown to proceed in good yields with carbonyl electrophiles,
with retention of configuration at the metal-bearing carbon. With
alkyl halides, favored invertive substitution is less facile due to
steric crowding in a transition state that requires two back-to-
back inversions. In these cases, single electron transfer occurs,
and products of radical couplings and disproportionations are ob-
served. With an easily reduced electrophile such as benzophenone,
single electron transfer is probably the primary reaction manifold.
Comparison of these trends in 2-lithio-N-methylpyrrolidines with
previously observed trends in 2-lithio-N-methylpiperidines shows
that the two ring systems react similarly with carbonyl electrophiles
and with electrophiles that are easily reduced; with alkyl halides,
some variability in reactivity patterns is apparent, most probably
due to steric crowding in some cases.


Experimental


trans-2-Benzylhexahydroisoindole-1,3-dione (5)


To a suspension of trans-1,2-cyclohexanedicarboxylic anhydride
(5.00 g, 32.4 mmol) in 100 mL benzene were added 4.90 g
(36.0 mmol) ZnCl2 powder at 0 ◦C. To this mixture were added
4.3 mL (39.2 mmol) benzylamine in 60 mL benzene followed
by 10.2 mL (48.6 mmol) of 1,1,1,3,3,3-hexamethyldisilazane
(HMDS). The ice bath was removed and the system was refluxed
overnight. The resulting milky white reaction mixture was cooled
to RT then diluted with 50 mL EtOAc followed by 60 mL
0.5 M HCl. The aqueous layer was washed with 3 × 25 mL
EtOAc. The resulting organic layer was washed with 3 × 25 mL
saturated NaHCO3. The combined organic layers were dried over
MgSO4, filtered, and concentrated to give 7.61 g (97% yield) white
crystalline solid. Mp 89–91 ◦C; 1H NMR (CDCl3): d 7.2–7.4 (m,
5H), 4.61 (Bn–CH2, ABq, 2H, J = 14.4 Hz), 2.26–2.31 (m, 4H),


1.93 (d, 2H, J = 8.7 Hz), 1.25–1.44 (m, 4H). 13C NMR (CDCl3):
d 25.18 (CH2), 25.76 (CH2), 41.80 (CH2), 47.67 (CH), 127.93
(CH), 128.77 (CH), 128.85 (CH), 136.47 (C-benzyl), 176.72 (C-
carbonyl). MS(EI): 243.2. Anal. calcd for C15H17NO2: C, 74.05;
H, 7.04. Found: C, 73.91; H, 7.20%.


trans-2-Benzyloctahydroisoindole (6)


To a suspension of 3.00 g (79.1 mmol) LiAlH4 in 200 mL THF at
0 ◦C were added 7.61 g (31.3 mmol) of 5 in 100 mL THF drop-wise
via an addition funnel over 30 min. After a color change from grey
to purple, the system was refluxed for 18 h. The mixture was cooled
to −78 ◦C, diluted with 100 mL Et2O, and then slowly quenched
sequentially with 10 mL deionized H2O, 15 mL 10% NaOH, and
20 mL deionized H2O. The grey mixture was warmed to RT and
stirred for 3 hours. The resulting white/grey solids were filtered
and washed with Et2O. The organic layer was dried with MgSO4


and concentrated to give 6.50 g (30.2 mmol, 97% yield) of light
yellow oil that was used without further purification. 1H NMR
(CDCl3): d 7.2–7.4 (m, 5H), 3.77 (Bn–CH2, ABq, 2H, J = 13.2
Hz), 2.86 (ABq, 2H, J = 6.6 Hz), 2.44 (ABq, 2H, J = 9.3 Hz),
1.7–1.9 (m, 4H), 1.5 (dd, 2H, J = 6.6, 9.3 Hz), 1.2–1.3 (m, 2H), 1–
1.1 (m, 2H). 13C (CDCl3): d 26.3 (CH2), 29.4 (CH2), 45.2 (CH), 58.4
(CH2), 62.0 (CH2), 126.8 (CH), 128.3 (CH), 128.8 (CH), 140.3 (C).
MS(EI): 215. Anal. calcd for C15H21N: C, 83.67; H, 9.83. Found:
C, 83.36; H, 9.93%.


trans-Octahydroisoindole-2-carboxylic acid tert-butyl ester (7)


To a suspension of 10% Pd/C (1.00 g) in 500 mL THF were
added 6.52 g (30.3 mmol) of 6 at −78 ◦C. 6.60 g (30.2 mmol)
di-tert-butyl dicarbonate in 50 mL THF were slowly added to
the reaction flask. The system was evacuated and purged with H2


5 times. The reaction was monitored by NMR and was complete
after two days. After filtration of the Pd/C, drying over MgSO4,
filtration and concentration, 7.53 g of a crude brown oil were
obtained. Purification by column chromatography 5% EtOAc–
hexanes in silica gave 6.62 g (96%) of a clear oil. 1H NMR
(C6D6): 3.65 (ABq, 1H, J = 6.6 Hz), 3.39 (ABq, 1H, J = 6.6
Hz), 2.76 (t, 1H, J = 10.2 Hz), 2.67 (t, 1H, J = 10.2 Hz), 1.54 (s,
9H), 1.46–1.53 (m, 4H), 0.85–1.1 (m, 4H), 0.60–0.80 (m, 2H). 13C
NMR (C6D6): 26.23 (3-CH2’s), 29.0 (CH2), 29.1 (3-CH3’s), 44.26
(CH), 45.0 (CH), 51.76 (CH2), 52.0 (CH2), 78.6 (C-t-Bu), 154.7
(C-carbonyl). MS(EI): 225. Anal. calcd for C13H23NO2: C, 69.29;
H, 10.29. Found: C, 69.54; H, 10.41%.
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(1S,3aR,7aR)-tert-Butyl 1-(tributylstannyl)-hexahydro-1H-
isoindole-2-(3H)-carboxylate (8)


To an Ar purged oven dry 100 mL round bottom flask, were added
3.50 mL TMEDA in 20 mL dry Et2O and this was cooled to
−78 ◦C. After 30 min, 16.50 mL s-BuLi were slowly added. After
30 min, 2.00 g 7 in 10 mL dry Et2O were slowly added to the foggy
yellow reaction mixture. After 3 h, 8.00 mL tributyltin chloride was
slowly added to the dark orange suspension. The resulting yellow
mixture was stirred overnight as the mixture warmed to room
temperature. The reaction was quenched with 20 mL water and the
aqueous layer was washed with 3 × 20 mL EtOAc. The combined
organic layers were washed with 20 mL sat. NH4Cl, dried over
MgSO4, filtered and concentrated to a yellow oil. Purification
by column chromatography on basic alumina eluted with 0.5%
EtOAc–hexanes gave 3.49 g (6.7 mmol, 75% yield) of a clear oil.
1H NMR (C6D6): 3.56 (ABq, 1H, J = 7.2 Hz), 3.0 (d, 1H, J =
12 Hz), 2.7 (t, 1H, J = 10.2 Hz), 1.9 (dd, 1H, J = 2.1, 10.2 Hz),
1.4–1.8 (m, 26H), 1.1–1.3 (m, 2H), 0.82–1.2 (t, 9H, J = 7.5 Hz),
0.75–0.95 (m, 8H). 13C NMR (C6D6): 11.32 (CH2, J = 160.6 Hz,
153.8 Hz), 14.44 (CH3), 26.52 (CH2), 26.62 (CH2), 28.52 (CH2, J =
27.9), 29.09 (CH3), 30.17 (2-CH2’s, J = 9.8), 30.18 (CH2), 47.73
(CH, J = 20.0 Hz), 49.97 (CH, J = 4.6 Hz), 52.59 (CH2, J = 5.2
Hz), 53.27 (CH, J = 196.0 Hz, 187.3 Hz), 78.78 (C-t-Bu), 154.95
(C-carbonyl). MS: (ESI/MNa) 538. Anal. calcd for C25H49NO2Sn:
C, 58.38; H, 9.60. Found: C, 58.64; H, 9.77%.


(1S,3aR,7aR)-1-(Tributylstannyl)-octahydro-2-methyl-1H-
isoindole (9)


To an Ar purged, oven dried flask were added 0.200 g (0.388 mmol)
of (8) in 5 mL dry THF. To this mixture were slowly added 0.50 mL
(2.8 mmol) DIBAL-H at room temperature. After 2 days at room
temperature, the mixture was cooled to 0 ◦C and diluted with
5 mL dry Et2O followed by careful addition of 1 mL MeOH and
5 mL H2O and the clear solution was stirred until a white fluffy
precipitate had settled. The contents were filtered and the solids
washed with 20 mL Et2O. The resulting organic layer was dried
over MgSO4, filtered and concentrated to a clear oil (0.16 g, 98%)
that required no further purification. 1H NMR (C6D6): 2.81 (ABq,
1H, J = 9.9 Hz), 2.49 (ABq, 1H, J = 9.9), 2.44 (s, 3H), 2.30 (d,
1H, J = 11.4), 1.93 (m, 1H), 1.5–1.8 (m, 9H), 1.44 (m, 6H), 1.1–
1.3 (m, 4H), 1.05 (m, 6H), 0.97 (t, 11H, J = 7.5 Hz). 13C NMR
(C6D6): 65.6 (t, CH, J = 230.3, 219.4 Hz), 61.8 (t, CH2, J = 23.4
Hz), 52.3 (CH), 47.1 (t, CH, J = 22.6 Hz), 45.7 (CH3), 30.4 (CH2),
30.2 (CH2), 30.1 (CH2), 28.4 (t, CH2, J = 26.4), 27.11 (CH2),
27.09 (CH2), 14.4 (CH3), 9.58 (t, CH2), J = 147.8, 141.8 Hz). MS
(ESI/MH+): 430.2. Anal. calcd for C21H43NSn: C, 58.89; H, 10.12.
Found: C, 58.68; H, 9.91%.


General procedure for transmetalation and electrophilic
substitution


To a solution of stannane (9) under N2 or Ar in THF (0.1 M) at
−78 ◦C were added TMEDA (1.3 equiv.) and n-BuLi (1.3 equiv.
of 2.4 M in hexanes). After 20 min the electrophile was added
and the reaction was stirred for 1 h. The reaction was quenched
at −78 ◦C with 2 M HCl, and extracted with ether three times
to remove neutral components. The aqueous layer was basified
with powdered Na2CO3 and extracted with ether four times. The


combined second extraction ether layers were dried with Na2CO3,
filtered and concentrated at reduced pressure.


[(3aR,7aR)-Octahydro-2-methyl-1H-isoindol-1-yl]methanol (11a)


Prepared from (9) and CO2 by the general procedure. Upon
workup with saturated Na2CO3 a white solid had formed. This
Na salt was then suspended in THF and cooled to 0 ◦C. LAH
was added in one portion to the THF suspension and the reaction
mixture was refluxed overnight. The solution was then cooled to
0 ◦C and diluted with ether. The reaction was quenched with water
and stirred until solids had formed. The solids were filtered and the
organic layer dried with Na2CO3, filtered and concentrated to a
yellow oil (78% yield). After purification by radial chromatography
with 10% MeOH–CH2Cl2 as the eluent, the product was isolated
as a clear oil. 1H NMR (CDCl3): 0.98–1.07 (2H, m), 1.16–1.24
(2H, m), 1.37–1.54 (2H, m), 1.73–1.82 (4H, m), 2.18 (1H, ddd,
J = 2.4, 3.3, 9.7), 2.39 (3H, s), 2.60 (1H, dd, J = 10.5, 8.1), 2.77
(1H, t, J = 10.5), 3.47 (1H, dd, J = 2.4, 11.1), 3.55 (1H, s, OH),
3.58 (1H, dd, J = 11.1, 3.3). 13C NMR (CDCl3): 25.9 (CH2), 26.1
(CH2), 28.8 (CH2), 29.3 (CH2), 42.7 (CH3), 43.5 (CH), 46.3 (CH),
59.1 (CH2), 60.2 (CH2), 72.6 (CH). MS (CI, MH+): 170.


In order to establish the relative configuration, 11a was con-
verted to its methyliodide salt for X-ray analysis.‡ Crystals suitable
for X-ray analysis were grown from the methyliodide salt through
vapor diffusion with dichloromethane and hexanes. Data were
collected at −100 ◦C for the colorless needle like crystals which
ordered in the P212121 (#19) space group with Z = 4. These crystals
are thermally stable to air and temperature. 18 861 reflections were
measured with 3087 independent reflections Rint = 0.037. Linear
absorption l = 2.367 mm−1. Atoms were refined anisotropically
in the respective space group to give a final R1 value of 5.46 from
2593 unique reflections I > 2r(I) and final wR2 value of 0.1033
for all data. The chemical formula is C11H22NOI. Formula weight
is Mr = 311.21. Crystal system is orthorhombic with unit cell
dimensions: a = 7.1485(11), b = 13.160(2), c = 14.239(2) Å. Unit
cell volume is 1339.5(4) Å3. As shown in Fig. 2, the reaction to 11a
gives retention of configuration at the lithium bearing carbon.


Fig. 2 ORTEP of methyliodide salt of 11a. Ellipsoids shown at the 50%
level.


‡ CCDC reference number 610644. For crystallographic data in CIF or
other electronic format see DOI: 10.1039/b608013h
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[(3aR,7aR)-Octahydro-2-methyl-1H-isoindol-1-yl]cyclohexanol
(11b)


Prepared from (9) and cyclohexanone by the general procedure.
A colorless oil was obtained (61%) without need for further
purification. 1H NMR (CDCl3): 1.0–1.8 (19H, m), 2.0 (1H, m),
2.1 (1H, d, J = 8.7 Hz), 2.5 (3H, s), 2.6 (2H, m), 3.3 (1H, s). 13C
NMR (CDCl3): 22.4 (CH2), 22.4 (CH2), 25.9 (CH2), 26.2 (CH2),
26.3 (CH2), 28.8 (CH2), 32.8 (CH2), 33.7 (CH2), 38.4 (CH2), 43.8
(CH), 47.3 (CH), 48.6 (CH3), 61.8 (CH2), 72.6 (C), 78.6 (CH).
MS (CI/MH+): 238. Anal. calcd for C15H27NO: C, 75.9; H, 11.46.
Found: C, 75.89; H, 11.57%.


[(1s*,3aI*,7aR*)-2-methyloctahydroisoindol-1-yl]propan-2-ol
(11c)


Prepared from (9) and acetone by the general procedure. A color-
less oil was obtained (35%) without need for further purification.
1H NMR (CDCl3): 0.5–1.2 (4H, m), 1.1 (3H, s), 1.2 (3H, s), 1.3–1.4
(1H, m), 1.4–1.6 (1H, m), 1.7–1.8 (3H, m), 1.9–2.0 (1H, m), 2.03
(1H, d, J = 9 Hz), 2.48 (3H, s), 2.55 (2H, d, J = 9), 3.4 (1H, s). 13C
NMR (CDCl3): 25.4 (CH3), 25.8 (CH2), 26.5 (CH2), 28.7 (CH2),
30.1 (CH3), 32.5 (CH2), 43.8 (CH), 48.2 (CH), 48.4 (CH3), 61.7
(CH2), 71.7 (C), 79.9 (CH). MS (CI/MH+): 198. Anal. calcd for
C12H23NO: C, 73.04; H, 11.75. Found: C, 72.91; H, 11.85%.


[(3aR,7aR)-octahydro-2-methyl-1H-isoindol-1-yl]diphenyl-
methanol (11d)


Prepared from (9) and benzophenone by the general procedure to
give a yellow oil (65%). After purification by radial chromatogra-
phy on silica gel with CH2Cl2 as eluent, the major diastereomer
was isolated as a white crystalline solid. MP ≈ 110–113 ◦C. 1H
NMR (CDCl3): 0.1–1.8 (10H, m), 2.1 (3H, s), 2.6 (1H, dd, J =
10.8, 6.6), 2.8 (1H, t, J = 10.8), 3.3 (1H, d, J = 9), 5.5 (1H,
s), 7.1 (1H, m), 7.2 (3H, m), 7.3 (2H, m), 7.5 (2H, m), 7.7 (2H,
m). 13C NMR (CDCl3): 25.7 (CH2), 26.3 (CH2), 29.0 (CH2), 30.9
(CH2), 43.9 (CH), 45.7 (CH3), 48.3 (CH), 61.9 (CH2), 76.5 (C),
78.1 (CH), 126.4 (CH), 126.6 (CH), 126.6 (CH), 127.0 (CH), 127.9
(CH), 128.0 (CH), 144.3 (C), 148.2 (C). MS (CI/MH+): 322. Anal.
calcd for C22H27NO: C, 82.20; H, 8.47. Found: C, 81.89; H, 8.55%.


(3aR,7aR)-Octahydro-2-methyl-1-(3-phenylpropyl)-1H-isoindole
(11e)


Prepared from 9 and 3-bromo-1-phenylpropane by the general
procedure to give a yellow oil (58%). After purification by radial
chromatography with MeOH–CH2Cl2–NH4OH 4 : 95 : 1, the
major isomer was isolated as a clear oil. 1H NMR (CDCl3):
0.9–1.9 (14H, m), 2.0 (1H, dd, J = 8.4, 10.8), 2.5 (3H, s), 2.5–
2.8 (3H, m), 3.2 (1H, dd, J = 5.1, 8.4), 7.1–7.3 (5H, m). 13C
NMR (CDCl3): 25.8 (CH2), 26.6 (CH2), 27.0 (CH2), 29.5 (CH2),
29.7 (CH2), 33.5 (CH2), 36.7 (CH2), 43.1 (CH), 44.4 (CH3), 48.1
(CH), 62.8 (CH2), 67.9 (CH), 125.8 (CH), 128.4 (2-CH), 128.7


(2-CH), 143.0 (C). MS (CI/MH+): 258. HRMS: calcd: 257.2144.
Found (MH+): 258.2200. Anal. calcd for C18H27N·0.25H2O: C,
82.54; H, 10.58. Found: C, 82.58; H, 10.63%. The trace of water
could not be removed by repeated attempts at drying the sample.
Multiple attempts at combustion analysis were made. All data
was consistent between the analyses. Capillary GC of the samples
shows only one sharp peak, indicating that the compound is pure.
See supporting information for HRMS and GCMS data.†
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A series of novel 3(5)-aryl/ferrocenyl-5(3)-phenothiazinylpyrazoles and pyrazolines were obtained
by substituent-dependent regioselective condensation of the corresponding (E)-3-(2-alkyl-10H-
phenothiazin-3-yl)-1-aryl/ferrocenylprop-2-en-1-one with hydrazine or methylhydrazine in acetic acid.
The different propensity of the primary formed b-hydrazino adducts to undergo competitive retro-
Mannich reaction was interpreted in terms of tautomerisation equilibrium constants calculated by
DFT using a solvent model. The regioselectivity of the cyclisation reactions with methylhydrazine and
the substituent-dependent redox properties of pyrazolines were also rationalized by comparative DFT
calculations performed for simplified model molecules. On the effect of ultrasound-promoted oxidation
with copper(II)nitrate phenothiazine-containing pyrazolines, enones and oxo-compounds were
selectively transformed into sulfoxides. Only one sulfoxide enone was partially converted into an
oxirane derivative. The structure of the novel products was determined by IR and NMR spectroscopy
including COSY, HSQC, HMBC and DNOE measurements.


Introduction


In the course of our study on ferrocenyl heterocycles,1b including
phenothiazine derivatives,2 we synthesized variable new com-
pounds of theoretical, chemical, physical and/or potential bio-
logical interest via enones.3 Enones readily react with hydrazines
yielding pyrazolines and pyrazoles,4,5 so it seemed reasonable
to apply this reaction to our phenothiazinyl enones, formed
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Arany János 11, RO-40028, Cluj-Napoca, Romania
bInstitute of Chemistry, Eötvös Loránd University, P. O. B. 32, H-1518,
Budapest-112, Hungary
cResearch Group for Structural Chemistry and Spectroscopy, Hungarian
Academy of Sciences, Eötvös Loránd University, P. O. B. 32, H-1518,
Budapest-112, Hungary
† Study on ferrocenes, part 19. For part 18 see ref. 1a.


Scheme 1


by the aldol condensation of formyl phenothiazines with aryl-
methyl ketones, to obtain novel pyrazole/pyrazoline derivatives
substituted with phenothiazinyl and aryl (including ferrocenyl)
groups (Scheme 1).


Results and discussion


1. Synthesis of new phenothiazinyl enones


The procedure already established for obtaining enone 4a by
the condensation of 10-methyl-phenothiazin-3-carboxaldehyde
2 with m-nitroacetophenone3 was extended to the preparation
of analogues using p-methoxyacetophenone, 2-acetylnaphthalene
and acetylferrocene. The corresponding enones 4b–d and 5d were
thus obtained in 60–97% yield.
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2. Reactions of enones with hydrazine hydrate


2.1 Cyclisations. Cyclisations were first attempted in
ethanol, but TLC analysis showed the formation of multi com-
ponent mixtures. Boiling acetic acid proved to be a suitable
solvent in which enones 4a–d and 5d gave 1-acetyl-3-aryl-5-
phenothiazinylpyrazolines 6a–d and 7d (Scheme 1) in good yields
(75–85%). Spontaneous aromatisation was obviously prevented by
the electron-withdrawing N-acetyl group present in the products.
The increased redox potential of 6a–d and 7d is also reflected in
their attempted oxidation reactions discussed later.


2.2 Retro-Mannich type reaction and its theoretical
interpretation


A common characteristic side reaction, with the exception
of precursors containing ferrocenyl substituent (4d and 5d),
was the formation of N-acetyl-N ′-[(10-methylphenothiazine-3-
yl)methylene]hydrazine (8) as by-product. Klimova et al. reported
similar fragmentation reactions accompanying enone cyclisa-
tions with thiosemicarbazides.6 Fang et al. have demonstrated
that certain isolated b-phenylhydrazino adducts undergo such
fragmentation with a proposed concerted mechanism affording
phenylhydrazones.7 It must be pointed out that, although the
concerted mechanism seems reasonable for this reaction, in the
lack of conclusive evidence stepwise transformation can also be
taken into consideration. In keeping with these precedents our
reactions must involve the formation of a b-adduct [I: X =
O; NNH2; NNHAc; NN=C(Me)Ar] and its subsequent frag-
mentation affording 8 and an enol or enhydrazine/enhydrazone
intermediate (II) which finally undergoes tautomerisation to III
(Scheme 2). Of course, the methyl ketone (III: X = O) can
react with a hydrazine component present in the reaction mixture
yielding a hydrazone or azine product (III: X = NNH2; NNHAc;
NN=C(Me)Ar). Accordingly, a significant amount (14%) of N,N ′-
bis[1-(m-nitrophenyl)ethylene]hydrazine (IIIa, X = NN=C(Me)-
m-NO2Ph) could also be isolated from the reaction mixture
obtained after the reaction of enone 4a. As in the case of 4d and
5d, such fragmentation was not observed even in trace amounts,
a particular inhibition must be attributed to the ferrocenyl group.
Since fragmentation I → II, taking place either with concerted
mechanism or in a stepwise manner, is eventually associated with
the tautomerisation of the ArC(=X)CH2 moiety of the b-adduct,
we tried to approach the observed substrate-dependence through
the calculated substrate-dependence of oxo-enol tautomerisation
III ↔ II. The computations were carried out by the Gaussian
program package8 at B3LYP/6–31G(d,p) level of DFT using
IEFPCM solvent model9 adequately representing the applied
reaction conditions (solvent: AcOH, e = 6.15). On the optimized
structures, frequency calculations gave the change in free energy
values (DG), and the series of K(II/III) constants were obtained
as exp(−DG/RT) (Table 1). The comparison of K(II/III) values


Scheme 2


Table 1 Free energy (G)a and equilibrium of aryl methyl ketones IIIa–d
and the corresponding enols IIa–d (see Scheme 2) and their equilibrium
calculated by B3LYP/6–31G(d,p) in acetic acid (e = 6.15) using IEFPCM
solvent model


G(III) (au) G(II) (au) DG(II–III)/kJ mol−1 K(II/III)


a −589.317091 −589.298461 48.92 3.04 × 10−9


b −499.311991 −499.288729 61.11 2.29 × 10−11


c −538.419438 −538.397319 58.20 7.37 × 10−11


d −1803.218399 −1803.193065 78.41 2.23 × 10−14


a Zero-point energy (ZPE, kJ mol−1): 366.88 for IIIa; 446.42 for IIIb; 482.71
for IIIc; 540.13.88 for IIId; 365.28 for IIa; 444.68 for IIb; 481.15 for IIc;
537.79 for IId.


unambiguously shows that Id → IId (related to IIId → IId) must be
much less favoured process (at least by three orders of magnitude)
than fragmentations Ia–c → IIa–c. This view can probably be
extended to the corresponding intermediates with X = NNH2;
NNHAc; NN=C(Me)Ar moieties.


3. Substituent-dependent cyclisations with methylhydrazine and
their theoretical interpretation


The cyclisations with methylhydrazine under the same conditions
provided in most cases aromatic products, that is, 1-methyl-3-
aryl-5-phenothiazinyl pyrazoles, 10b–d, 11a and 12d (Scheme 3).
Pyrazoline 13d was only formed as a by product. Apparently,
the electron-deficient acetylated nitrogen is mainly responsible for
the increased resistance to oxidation in the above cases. (This
difference in reactivity will be discussed later.) The yields of
pyrazoles were lower, 54–65% than those of N-acetylpyrazolines.
A general problem was raised by the positional isomerism in the
forming pyrazol(in)es as reported for a number of analogous
reactions.4a–e The majority of products (10b–d, 13d) have the
1-Me-5-phenothiazinyl (Ptz) substitution pattern while 1-Me-3-
Ptz substitution was evidenced by NMR (see later) for 11a and
12d. In order to get quantitative information on the relative
reactivity of the electrophilic centres of our precursor enones
in acetic acid solution we carried out again density functional
(DFT) calculations for simplified models IVa–e (Scheme 4) and
their O-protonated forms (IV+a–e) at B3LYP/6–31G(d,p) level
using an IEFPCM solvent model (Table 2). In each case the
geometry optimization was followed by calculation of the energy
and population of the frontier molecular orbitals.10,11 Molecu-
lar reactivity indices such as electronic chemical potential12a–I


[l = (EHOMO + ELUMO)/2], chemical hardness12a–I [g = (ELUMO −
EHOMO)/2] and natural charges [q(NBO)]13 are also listed in
Table 2. The local electrophilicity of the carbonyl- and b-carbon
atoms were characterized by their local LUMO electron deficiency
(R c2


LUMO) and the LUMO energy in the neutral and O-protonated
counterparts. The relative proton affinities of IVa–d (DDG) and
equilibrium constants (Ka) for the process IV + AcOH ↔
IV+ + AcO− were obtained from the thermodynamic results of
frequency calculations carried out on the same level of DFT with
the same solvent model. The electron chemical potential values
(l), representing the escaping tendency of molecular electrons,
clearly reflect the relative electrophilicity of the studied models.
According to general expectations, m-nitrophenyl derivative IVa
is characterized by the lowest l value (−5.00 eV) and ferrocenyl
vinyl ketone IVd is the less electrophilic model (l = −3.58 eV).
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Scheme 3


Scheme 4


It is worth noting that even protonated ferrocenyl vinyl ketone
(IVd+) is not as electrophilic as the neutral vinyl m-nitrophenyl
ketone IVa. Although IV+ cations are expected to be involved
in charge controlled reactions,14 protonation decreases molecular
hardness (g) values also increasing the efficiency of orbital
interactions. On the other hand, considering the natural charge
values on C=O/C-b carbon atoms in the electrophilic species
(Table 2) and on NHMe/NH2 nitrogen atoms in methylhydrazine
(q = −0.547/q = −0.767), charge controlled additions would
dominantly give allylalcohol intermediates VII/P/a–e (Fig. 1)
which would finally be converted into the “normal” regioisomeric
pyrazoles (VI, Scheme 4) in all cases. The free energy values (G) of
four types of possible adducts (Va–e, V/a–e, VIIa–e and VII/a–
e, Fig. 1) were also obtained by DFT frequency calculations
performed on the optimized structures at B3LYP/6–31G(d,p)
level of theory using IEFPCM solvent model (Table 3, solvent:
AcOH, e = 6.15). The DG values show that b-adducts are much
more stable than the corresponding allylalcohols [see DG(VII–
V) and DG(VII/P–V/P) in columns 7 and 8]. Regioselectivity
would be less influenced by the relative stability of NHMe- and
NH2 adducts—as reflected from DG(V–V/P) and DG(VII–VII/P)
values (Table 3, columns 3 and 6). Nevertheless, the dominance
of thermodynamic control in the primary addition step would


Fig. 1


finally result in the preferred formation of pyrazoles with the
“unexpected” 1-Me-3-Ptz substitution pattern in all cases. The
observed regioselectivity can be successfully interpreted by the
relative weighting of LUMO in the neutral and protonated model
enones IVa–e and IV+a–e, respectively.


The population data (Table 2) suggest that without protonation,
only the nitrophenyl model IVa has increased carbonyl reactivity
in the orbital-controlled14 addition towards the more nucleophilic
methylated nitrogen of methyl-hydrazine (R c2


HOMO = 0.488 on
NHMe and 0.155 on NH2 as calculated by the same method),
but enones IVb–e with larger R c2


LUMO values on C-b are more
likely to undergo conjugate addition with the reagent, which
is also preferred under thermodynamic control [cf. DG(VII–V)
in Table 3]. Population analysis of LUMOs (Table 2) shows
substantially higher carbonyl reactivity for each O-protonated
model (IV+a–e). Enhanced carbonyl reactivity of IV+a–e is also
reflected from the increased positive values of natural charge [cf.
q(NBO) on C=O for IVa–e and IV+a–e in Table 2].


On the basis of these results it can be stated that the conjugate
addition of methylhydrazine at C-b finally yielding the expected
pyrazole (IV → V → VI) is preferred over the nucleophilic addition
to the carbonyl group in neutral enones IVb–e, while IVa and each
cation of type IV+ are susceptible to react with the nucleophile at
the carbonyl group to give the corresponding hydrazinoacetal VII
which is then transformed into the regioisomeric pyrazoline VIII.
In accord with the expectations, much lower LUMO energy (i.e.
larger electron affinity) and electronic chemical potential (l) values
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were obtained for IV+a–e than for their neutral counterparts IVa–
e which are less sensitive to nucleophilic attack. The comparison
of these data characterizing the electronic properties of Ar
substituents suggests that addition of IVd → Vd (Ar = ferrocenyl)
is much slower than addition of neutral enones with less electron-
donating aryl substituents (IVb,c,e → Vb,c,e: Scheme 4). On
the other hand, according to the relative proton affinity values
and equilibrium constants obtained for the process IV + AcOH
↔ IV+ + AcO− (Table 2) IVd has far the best chance to be
transformed into the more electrophilic protonated form IV+d
(e.g. IVd is more basic than anisyl derivative IVb by more than one
magnitude). Although IV+d must be present in low concentration
in the reaction mixture, its enhanced reactivity, which is reflected in
electron chemical potential, chemical hardness and LUMO energy
(l = −4.81 eV vs. −3.58 eV for IVd; g = 1.48 eV vs. 1.85 eV for
IVd; ELUMO = −3.33 eV vs.–1.73 eV for IVd), significantly increases
the possibility of the primary addition at the carbonyl group.


The above discussed view about the relative possibilities of alter-
native reaction pathways is in accord with the experimental results
as under the applied conditions 3-nitrobenzoyl enone 4a (modelled
by IVa) yields exclusively pyrazole 11a with unexpected substituent
pattern, while the presence of strongly electron-releasing ferro-
cenyl group in the enone precursor 5d (R = n-Bu) increases
the chance of O-protonation and, consequently the formation of
analogous pyrazole 12d. The reason of the different regioselectivity
observed for the cyclisation of 10-methylphenothiazinylenone
4d (R = Me) is not clear at the moment, but the alternative
reaction pathway can not be ruled out completely considering
the formation of a substantial amount of tarry materials and
the relatively low yields of the “normal” regioisomers 10d and
13d (18 and 27%, respectively). The cyclisations of 4b,c to
10b,c presumably proceed via the generally accepted mechanism7


involving the primary conjugate addition of methylhydrazine on
the unprotonated enones.


4. Theoretical interpretation of different redox proporties of
N-acetyl- and N-methylpyrazolines


The spectacular difference in the propensity of N-acetyl- and
N-methylpyrazolines to undergo spontaneous dehydrogenation
under the conditions of cyclisation reactions discussed above
was also studied by DFT calculations, which were performed
for simplified models XIa,b–XIVa,b (Scheme 5) at B3LYP/6–
31G(d,p) level of theory using IEFPCM solvent model (solvent:
AcOH, e = 6,15). Two possible mechanisms involving radical and
cationic intermediates XIIa,b and XIIIa,b, respectively, were taken
into account. Concluding from the highly significant substrate
dependence we assume that the rate-determining step is the


Table 4 Free energy valuesa of model pyrazolines XIa,b, radicals XIIa,b, cations XIIIa,b and pyirazoles XIVa,b, (see Scheme 5) calculated by B3LYP/6–
31G(d,p) in acetic acid (e = 6.15) using IEFPCM solvent model


G(XI) (au) G(XII) (au) G(XIII) (au) G(XIV) (au) DG(XII–XI)b/kJ mol−1 DG(XIII–XI)b/kJ mol−1 DG(XIV–XI)b/kJ mol−1


a −266.623705 −265.987472 265.866276 265.461863 1670.54 1988.77 3050.63
b −379.979412 −379.339739 379.186074 378.799602 1679.58 2083.06 3097.81
a–b −9.04 −94.29 −47.18


a ZPE [kJ mol−1]: 318.02 for XIa; 343.01 for XIb; 276.14 for XIIa; 303.88 for XIIb; 286.44 for XIIIa; 307.91 for XIIIb; 258.65 for XIVa; 282.99 for XIVb.
b In the third row for columns 5–7: DDG(a–b).


Scheme 5


loss of a hydrogen atom or a hydride anion from the saturated
carbon atom adjacent to the substituted nitrogen generating the
corresponding intermediate. The free energy values of the models
were resulted from frequency calculations carried out on the
optimized structures (Table 4). Comparison of the substituent-
dependent changes in free energy associated with the formation of
the possible intermediates (listed in row 3) shows that—in keeping
with general expectations—the N-methyl group renders a higher
degree of stabilization both to radical (XII) and cationic (XIII)
intermediates than does the N-acetyl group (by 9.04 kJ mol−1 and
94.29 kJ mol−1, respectively). The difference is more than ten times
larger for the formation of cationic intermediates than obtained
for the formation of radical intermediates, suggesting that the
ionic mechanism might be better adopted to the experimental
observations. As the cyclisation reactions with methylhydrazine
were conducted under inert conditions, we cannot unambiguously
identify the possible oxidant at the moment. Finally, from ther-
modynamic point of view, aromatisation of N-methylpyrazoline is
also preferred over that of N-acetylpyrazoline by 47.18 kJ mol−1


(Table 4: row 3).


5. Sonication-assisted oxidation reactions with copper(II) nitrate
trihydrate


In order to get pyrazoles without an N-substituent, we envisaged
oxidation of 6a–d and 7d followed by facile deacylation of
the resulting aromatic products. Preliminary experiments using
classical oxidation agents, including attempts with high redox
potential quinones (e.g. DDQ) failed. This is why we resorted
to the sonication-assisted oxidation with copper(II) nitrate, a
procedure successfully applied to aromatisation of pyrazolines.15


Instead of the expected dehydrogenation reaction, on the effect
of the “in situ” generated nitrogen dioxide16 oxidation of sulfur
atom occurred to give sulfoxides 9a–c (Scheme 1). This finding
refers to the preference of primary single electron transfer from
the phenothiazinyl ring16 over the hydrogen-abstraction from
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Scheme 6


the pyrazolyl moiety.15 Unfortunately the ferrocenyl-substituted
substrates underwent decomposition under the applied conditions.
However, the relatively short reaction time, the high yields of
sulfoxides 9a–c (sometimes reaching 95%) and the simplicity of
the reaction conditions made us to subject phenothiazinyl enones
to this procedure of S-oxidation, not mentioned so far in the
literature. By means of this method, 4a–c were smoothly converted
into their sulfoxide derivatives (14a–c Scheme 6), without sulfone
contaminations. Besides S-oxidation, enone 4b partially under-
went subsequent epoxidation on the double bond, yielding oxirane
15b (Scheme 6). The primary oxidation of the sulfur atom probably
decreases the electron-donating ability of the phenothiazine unit,
indirectly decreasing the chance of electrophilic epoxidation on
the attached double bond. This deactivation must be partially
compensated by the electron-donating anisyl group in sulfoxide
14b, the precursor of 15b. In a separate experiment, 14b was
subjected to prolonged oxidative procedure (10 h) affording
oxirane 15b in good yield (85%).


We also tested this protocol on simpler 10-alkylphenothiazines
1–3 and found that S-oxidation took place selectively resulting in
sulfoxides 16–18 irrespective of the ring substituents (Scheme 7).
It is also worth pointing out that the formyl group in 2 proved to
be resistant to oxidation under the employed conditions which is
capable of oxidizing even the highly deactivated diacetyl derivative
3 (Scheme 7). To the best of our knowledge this is the first example
for the sulfoxidation of a 3,7-diacylphenothiazine. Due to its
simplicity and potential to produce sulfoxides with high yields
and chemoselectivity, this method represents an advantageous
alternative to the classical S-oxidation reactions applied so far
in phenothiazine chemistry.17


Scheme 7


6. Structure


The spectral data (Tables 5–8) of our new compounds are self-
explanatory concerning the supposed structures and only a few
additional remarks are necessary.


The position of the NAc group in 6a–d and 7d is proved by
HMBC experiments (for 6a–c and 7d) which demonstrate 3J(C,H)
coupling between the H of pyrazoline-CH and the carbonyl carbon
of the acetyl group and between the CH2-hydrogens and C-1 of
the aryl or ferrocenyl moiety (Ar, Scheme 1), respectively.


The chemical non-equivalence of C/H-2,5 and C/H-3,4 atom
pairs in 6d, 7d and 13d is due to molecular asymmetry (the presence
of a chirality center). Of course, in the spectra of 10d and 12d,
which do not contain chiral atoms, the aforementioned H and C
atom pairs give identical signals.


Besides the IR, 1H- and 13C-NMR characteristics of the
azomethine, acetyl and NH groups the structure of compound 8 is
confirmed by the significant downfield shift of H-3 and H-5 signals
(by ca. 0.4–0.5 ppm compared to 6a–d and 7d) as a consequence
of summarized –I– and anisotropic effects of the vicinal C=N
double bond.


In case of 9a–c, the pyrazolyl methine carbon and the S atom
of the sulfinyl group, the two chirality centres, make possible
the presence of two diastereomers. In the 1H- and 13C-NMR
spectra of 9a–c all resonances appear as doubled signals of equal
intensity proving the formation of a 1 : 1 mixture of diastereomers
containing the pyrazolyl methine proton and sulfinyl oxygen in
syn and anti arrangements. This observation is an indirect proof
of the presence of an SO group (besides of the mSO IR band, cf.
Table 8).


Similarly the ab ovo, more probable, chemically-expected po-
sition of the NMe group in 10b–d and 13d is proved by HMBC
measurements. For 10b, the supposed regioisomeric structure is
also supported by NOE experiments. Intensity enhancements were
observed on the H-3 and H-5 signals of phenothiazine ring when
the Hs of the NMe group were irradiated.


HMBC results confirmed the unexpected regioisomeric struc-
tures for 11a and 12d. Accordingly, we detected NOE between
the Hs of NMe group and H-2,5 of the substituted Cp ring of
ferrocene for compound 12d.


In the 1H- and 13C-NMR spectra of 15b the signals of two
saturated methine groups appear in the interval characteristic
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Table 7 13C NMR chemical shiftsa of phenothiazine carbons in compounds 6a–d, 7d, 8, 9a–c, 10b–d, 11a, 12d, 13d, 14a–c, 15b and 16–18b


Compd. C-1a C-2 C-3 C-4 C-5 C-5a C-6a C-7 C-8 C-9 C-10 C-10a


6a 146.0 114.6 125.5 136.1 124.4 124.8 123.3 127.5 123.0 128.0 114.5 145.9
6b 146.1 114.5 125.6 136.8 124.6 124.46c 123.5 127.5 122.9 127.9 114.4 145.7
6c 146.0 114.6 125.6 136.7 124.7 124.6 123.5 127.5d 122.9 127.9 114.4 145.8
6d 146.0 114.6 125.2 136.9 124.5 124.6 123.4 127.5 122.9 127.9 114.5 145.7
7d 145.5 115.8 124.9 136.7 124.7 126.0 127.6 122.7 127.8 115.7 145.2
8 147.8 114.3 127.57 128.6 125.4 124.5 123.2 127.64 123.4 128.0 114.8 145.4
9a 139.85c ,e 115.9c ,e 130.3 135.4 132.0 125.13c 124.7c 127.3 122.47 133.3 116.4c 140.05c


132.4 135.6 133.4e 125.5c 124.8c 129.3 122.50 133.4e 116.8c 140.09c


9b 140.16c 116.1c 130.2 136.1 127.4 125.01c 124.99c 131.3 122.35 133.3e 115.9c ,e 139.7c ,e


140.20c 116.7c 132.3 136.2 129.5 125.6 124.95c 131.4 122.39
9c 139.8c ,e 115.9c ,e 130.2 136.0 127.5 125.07c 124.92c 128.3e 122.37 133.3e 116.2c 140.15c


132.3 136.1 129.6 125.62c 124.97c 122.42 116.7 c 140.18c


10b 146.4 114.38 127.6c 124.4c 128.3c 125.4c 123.3 127.7 123.2 128.1 114.7 145.7
10c 146.5 114.4 128.3 125.2 127.6 124.5 123.2 127.7 123.3 128.1 114.7 145.7
10d 146.4 114.7 128.2 123.3e 127.6 125.4 124.4 127.7 123.3e 128.1 114.3 145.7
11a 146.0c 114.54e 127.86 127.9 124.6 124.2 123.6 127.6 122.9 127.9 114.48c 145.9c


12d 144.9 115.8c 124.7 128.4 124.8 125.5 125.1 127.6c 122.7 127.8e 115.7c 145.6
13d 146.1 114.52c 126.9 135.0 126.5 124.3 123.6 127.6 122.9 127.9 114.48c 145.8
14a 141.7 116.8 133.4d 128.6 132.3 124.7 124.3 131.4 123.3 133.8 116.5 139.6
14b 141.2 116.5 133.0 129.4 131.43 125.6 125.3 131.48 123.0 133.5 116.2 139.8
14c 141.3 116.5 133.0 129.3 131.54c 125.6 125.2 131.58c 123.1 133.3 116.2 139.7
15b 139.0 116.0 133.1 133.5 131.36 124.6 125.0 131.28 122.1 132.0 115.8 140.1
16 140.3 11.9 133.2 122.3 131.5 125.2 125.2 131.5 122.3 133.2 115.9 140.3
17 144.1 116.6c 133.1 130.5 134.8 125.5 125.2 131.5 123.88 133.7 116.7c 139.3
18 140.9 116.4 133.2c ,e 132.0 133.7c ,e 124.4 124.4 133.7c ,e 132.0 133.2c ,e 116.4 140.9


a In ppm (dTMS = 0 ppm) at 125.7 MHz. Solvent: CDCl3. b Assignments were supported by DEPT, HMQC (except for 9a and 18) and HMBC (except for
6d, 9a, 16 and 18). c Interchangeable assignments (See Table 2a for compound 6b and 9b). d Overlapping lines (See Table 2a). e Two coalesced lines.


Table 8 Characteristic IR frequencies [cm−1] of compounds 6a–d, 7d, 8, 9a–c, 10b–d, 11a, 12d, 13d, 14a–c, 15b and 16–18a ,b


Compound mC=O band mC=C band
Bands of the
phenothiazine moiety mSO band c CArH band masCp–Fe–Cp band


6a 1661 1608 1466 1257 — 817, 752 —
6b 1646 1607 1465 1258 — 840, 808, 743 —
6c 1662 1602 1465 1256 — 836, 805, 752 —
6d 1646 1601 1465 1253 — 856, 755 487
7d 1658 1601 1464 1248 — 818, 747 491
8 1695 1601 1466 1254 — 808, 744 —
9a 1667 1591 1464 1261 1049, 1027 811, 757, 739 —
9b 1653 1606 1463 1250 1046, 1022 815, 755 —
9c 1661 1589 1464 1260 1049, 1027 819, 753 —
10b — 1611 1465 1248 — 834, 821, 783, 764 —
10c — 1601 1460 1260 — 802, 705 —
10d — 1606 1462 1259 — 818, 750 489
11a — 1606 1466 1260 — 798, 752, 737 —
12d — 1606 1454 1285 — 823, 758 505, 488
13d — 1603 1464 1251 — 815, 747 495
14a 1656 1586 1466 1218 1021 813, 754 —
14b 1654 1602, 1585 1463 1259 1020 834, 805 —
14c 1654 1586 1465 1261 1020 810, 747 —
15b 1654 1601, 1588 1464 1256 1057 813, 753 —
16 — 1584 1457 1261 1020 765 —
17 1682 1605, 1086 1462 1260 1046, 1025 764, 751 —
18 1674 1589 1479 1249 1024 826 —


a In KBr discs. b Further bands: mNH: 3200–2800 diffuse band (8); masNO2 and msNO2: 1498 and 1332 (6a), 1530 and 1350 (9a and 11a), 1526 and 1354
(14a); mC–O (oxirane ring): 876 and 839 (15b).


for oxiranes18a instead of the signals of olefinic CH=CH moiety
arising from the parent enone sulfoxide 14b. The absence of the
C=C double bond in 15b is also reflected in the significant upfield
shifts of the signal of ortho-Hs of the aryl group and H-3 and H-5
signals of the phenothiazinyl group.


In accordance with the above stated structural difference, the
carbonyl lines of 14b and 15b appear at 188.7 and 197.2 ppm,


respectively, in the ranges expected for compounds containing
benzophenone- and acetophenone-type –C(sp2)–CO–C(sp2) and
C(sp3)–CO–C(sp2) moieties.18b


The signals of the oxirane-Hs of 15b appear doubled with similar
intensities while neither the other 1H-NMR signals nor the carbon
lines without exception are doubled. From the AB-type spectrum
of the oxirane-Hs, the coupling constants of the two components
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are 6.6 and 7.1 Hz, respectively, characteristic of cis isomers.18c It
means that the relative configurations of the carbons in the oxirane
ring do not differ in the two components. Thus the existence of the
latter requires the presence of a third chiral centrum provided by
the sulfoxide structure. Accordingly, in the IR spectrum of 15b, a
very intense mSO band (1027 cm−1) appears and the mass spectrum
proved the molecular formulae (C23H19NO4S) in keeping with the
sulfoxide structure.


Experimental


Melting points (uncorrected) were obtained with an Electro-
thermal IA 9200 digital melting point apparatus. Elemental
analyses were performed by a VARIO EL III instrument. IR
spectra were recorded in KBr pellets with a BRUKER IFS 55 FT-
spectrometer. 1H- and 13C-NMR spectra were recorded in CDCl3


solution in 5 mm tubes at RT, on a Bruker DRX 400-(only for 4b,c)
and 500 spectrometers at 400/500 (1H) and 100/125 (13C) MHz,
using TMS as internal reference with the deuterium signal of the
solvent as the lock. J Values are given in Hz. The spectral data
of 4b,c are listed in the experimental part. The standard Bruker
micro program NOEMULT.AU to generate NOE was used with a
selective pre-irradiation time. DEPT spectra were run in a standard
manner, using only the H = 135◦ pulse to separate CH/CH3 and
CH2 lines phased “up” and “down”, respectively. 2D-HMQC and
2D-HMBC spectra were obtained by using the standard Bruker
pulse programs INV4GS and INV4GSLPLRND, respectively.
The mass spectra of IIIa (X = NN=C(Me)-m-NO2Ph), 14a,b
and 16 were obtained by a Bruker Esquine 3000+ ion trap mass
spectrometer equipped with electrospray ionisation source.


Phenothiazine derivatives 1–3, 4a,d and 5d were pre-
pared according to described procedures.2,3,19,20 Acetylferrocene,
methylhydrazine, hydrazine hydrate, 2-acetylnaphthalene, m-
nitroacetophenone, p-methoxyacetophenone and phenothiazine
were purchased from Sigma-Aldrich.


General procedure for the preparation of enones 4b,c


To the stirred solution of the appropriate 10-alkyl-3-formyl-
phenothiazine (1 mmol) and p-methoxyacetophenone (0.150 g,
1 mmol) or 2-acetylnaphthalene (0.146 g, 1 mmol) in ethanol
(20 cm3) 10% methanolic solution of NaOH (1 cm3) was added
dropwise over 3 min at 25 ◦C. The mixture was stirred for 8 h
at 40–50 ◦C. The product precipitated on cooling was filtered
and washed with cold ethanol (3 cm3) then purified by column
chromatography on silica using dichloromethane as eluent.


(E)-3[1-(4-Methoxyphenyl)-1-oxo-2-propen-3-yl]-10-methyl-
10H-phenothiazine (4b). Orange powder (0.355 g, 95%); mp
197–200 ◦C (from EtOH); (found: C, 74.0; H, 5.2; N, 3.8, S
8.55, C23H19NO2S requires C, 74.0; H, 5.1; N, 3.75, S 8.6%);
mmax(KBr)/cm−1 1668, 1600, 1588, 1498, 1454, 1332, 1259, 810,
757 and 738; dH (400 MHz; CDCl3): 3.40 (3 H, s), 3.88 (3 H, s),
6.79 (1 H, d, J = 8.4), 7.40 (1 H, d, J = 8.4), 7.43 (1 H, s), 7.14 (1
H, d, J = 7.6), 6.96 (1 H, t, J = 8.0), 7.18 (1 H, t, J = 8.0), 6.82
(1 H, d, J = 8.0), 7.69, (1 H d, J = 15.6), 7.41 (1 H d, J = 15.6),
8.03, (2 H, d, J = 8.8 Hz) and 6.97 (2 H d, J = 8.8). dC (100 MHz;
CDCl3): 35.5, 55.5, 113.8, 114.1, 114.4, 119.7, 122.6, 123.0, 123.9,
126.2, 127.2, 127.7, 129.0, 129.5, 130.7, 131.3, 142.9, 144.8, 147.6,
163.3 and 188.5.


(E )-10-Methyl-3[1-(2-naphthyl)-1-oxo-2-propen-3-yl]-10H -
phenothiazine (4c). Yellow powder; (0.382 g, 97%); mp 162–
163 ◦C (from EtOH); (found C 79.4, H 4.9, N 3.5, S
8.25, C26H19NOS requires C 79.4, H 4.9, N 3.6, S 8.15%);
mmax(KBr)/cm−1 1652, 1597, 1586, 1455, 1261, 813 and 762; dH


(400 MHz; CDCl3): 3,41 (3 H, s), 6.82 (1 H d, J = 8.8), 6.84 (1 H,
d, J = 8.4), 6.97 (1 H, t, J = 8.4), 7.15 (1 H, d, J = 7.7), 7.19 (1 H,
d, J = 8.4), 7.45 (1 H, d, J = 8.4), 7.49 (1 H d, J = 1.6), 7.56 (1 H,
d, J = 15.4), 7.58–7.62 (2 H, m), 7.70 (1 H, d, J = 15.4), 7.90 (1 H
dd, J = 7.2 and 1.6), 7.93 (1 H, dd, J = 8.8 and 1.6), 8.01 (1 H, dd,
J = 8.1 and 1.6), 8.09 (1 H, dd, J = 8.4 and 1.6) and 8.53 (1 H, dd,
J = 8.1 and 1.6). dC (100 MHz; CDCl3): 35.6, 114.1, 114.4, 119.9,
122.6, 123.1, 124.0, 124.5, 126.3, 126.7, 127.3, 127.7, 127.8, 128.3,
128.5, 129.4 (two overlapping lines), 129.8, 132.6 (two overlapping
lines), 135.4, 135.8, 143.7, 144.8, 147.9 and 190.1.


General procedure for the preparation of compounds 6a–d, 7d, 8,
10b–d, 11a, 12d, 13d. Hydrazine hydrate (0.145 g, 30 mmol) for
compounds 6a–d and 8 or methyl hydrazine (0.136 g, 30 mmol) for
compounds 7d, 10b–d, 11a, 12d and 13d was added to chalcones
4a–d and 5d (1.5 mmol) suspended in acetic acid (50 cm3). The
reaction mixture was heated under reflux for 5–8 h then solvent was
evaporated in vacuo. The solid residue was washed with water and
filtered off. Purification was made by column chromatography on
silica using toluene as eluent and the products were re-crystallised
from EtOH–n-hexane (2 : 1) if otherwise not stated.


3-[1-Acetyl-3-(nitrophenyl)-4,5-dihydropyrazol-5-yl]-10-methyl-
10H-phenothiazine (6a). Yellow powder, (0.527 g, 79%); mp 155–
156 ◦C; (found C 64. 9, H 4.6, N 12.6, S 7.2; C24H20N4O3S requires
C 64.85, H 4.5, N 12.6, S 7.2%).


3-[1-Acetyl-3-(4-methoxyphenyl)-4,5-dihydropyrazol-5-yl]-10-
methyl-10H-phenothiazine (6b). Yellowish-white powder,
(0.535 g 83%); mp 137–138 ◦C; (found C 69.95, H 5.4, N 9.8, S
7.65; C25H23N3O2S requires C 69.9, H 5.4, N 9.8, S 7.5%).


3-[1-Acetyl-3-(2-naphthyl)-4,5-dihydropyrazol-5-yl]-10-methyl-
10H-phenothiazine (6c). Reddish-white powder; (0.573 g, 85%);
mp 170–171 ◦C; (found C 74.8, H 5.2, N 9.4, S 7.0; C28H23N3OS
requires C 74.8, H 5.2, N 9.35, S 7.1%).


3-[1-Acetyl-3-(ferrocen-1-yl) -4,5-dihydropyrazol-5-yl ] -10-
methyl-10H-phenothiazine (6d). Brown powder; (0.571 g, 75%);
mp 180–182 ◦C; (found C 66.2, H 5.0, N 8.3, S 6.45; C28H25FeN3OS
requires C 66.3, H 5.0, N 8.3, S 6.3%).


3-[1-Acetyl-3-(ferrocen-1-yl)-4,5-dihydropyrazol-5-yl]-10-(n-
butyl)-10H-phenothiazine (7d). Brown plates; (0.659 g, 80%); mp
93–95 ◦C; (found C 67.8, H 5.7, N 7.7, S 5.7; C31H31FeN3OS
requires C 67.75, H 5.7, N 7.6, S 5.8%).


(E)-N ′ -[(10-Methyl-10H -phenothiazine-3-yl)methylene]aceto-
hydrazide (8). This compound was separated from 6a–c as
yellowish-white powder; (0.044 g, 10%, from 4a and 4b, respec-
tively, and 0.066 g, 15% from 4c) mp 226–227 ◦C (from EtOH);
(found C 64.65, H 5.1, N 14.15, S 10.95; C16H15N3OS requires C
64.6, H 5.1, N 14.1, S 10.8%).


N ,N ′-Bis[1-(m-nitrophenyl)ethylene]hydrazine (IIIa, X = NN=
C(Me)-m-NO2Ph)21. The mixture obtained from the reaction of
4a was cooled in ice-water to obtain this compound as precipitated
pale yellow crystals; (0.034 g, 14%); mp 198–200 ◦C (from EtOH);
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(found C 59.1, H 4.4, N 17.0; C16H14N4O4 requires C 58.9, H 4.3,
N 17.2%); mmax (KBr)/cm−1 3093, 1610, 1526, 1432, 1345, 737, 678
and 669; dH (500 MHz, CDCl3) 2.41 (3 H, s), 7.64 (1 H, t, J = 7.9),
8.28 (1 H, dd, J = 7.9 and 1.9), 8.30 (1 H, dd, J = 7.9 and 1.9) and
8.75 (1 H, t, J = 1.9); dC (125 MHz, CDCl3) 15.1, 124.4, 129.5,
132.4, 139.6, 149.0 and 156.8. MS (electrospray) 325.1 (ESI−),
327.1 (ESI+).


10-Methyl-3-[3-(4-methoxyphenyl)-1-methyl-1H -pyrazol-5-yl]-
10H-phenothiazine (10b). Yellow powder; (0.360 g, 60%); mp
152–153 ◦C, (found C 72.2, H 5.3, N 10.5, S 8.2; C24H21N3OS
requires C 72.15, H 5.3, N 10.5, S 8.0%).


10-Methyl-3-[1-methyl-3-(naphthalen-2-yl)-1H -pyrazol-5-yl]-
10H-phenothiazine (10c). White powder; (0.409 g, 65%), mp 240–
241 ◦C; (found C 77.3, H 5.1, N 10.05, S 7.7; C27H21N3S requires
C 77.3, H 5.05, N 10.0, S 7.6%).


10-Methyl-3-[1-methyl-3-(ferrocen-1-yl]-1H-pyrazol-5-yl)-10H-
phenothiazine (10d). This compound was separated from 13d as
yellow powder; (0.129 g, 18%); mp 147–148 ◦C; (found C 68.0,
H 4.9, N 8.8 S 6.7; C27H23FeN3S requires C 67.9, H 4.9, N 8.8, S
6.7%).


10-Methyl-3-[1-methyl-3-(3-nitrophenyl)-1H-pyrazol-5-yl]-10H-
phenothiazine (11a). Ochre powder; (0.336 g, 54%); mp 176–
177 ◦C; (found C 66.7, H 4.4, N 13.6, S 7.9; C23H18N4O2S requires
C 66.65, H 4.4, N 13.5, S 7.7%).


10-(n-Butyl)-3-[1-methyl-3-(ferrocenyl)-1H -pyrazol-5-yl]-10H -
phenothiazine (12d). Red plates; (0.545 g, 70%), mp 77–79 ◦C
(from n-hexane); (found C 69.4, H 5.6, N 8.1, S 6.3; C30H29FeN3S
requires C 69.4, H 5.6, N 8.1, S 6.2%).


10-Methyl-3-[1-methyl-3-(ferrocen-1-yl)-4,5-dihydropyrazol-5-
yl]-10H-phenothiazine (13d). This compound was isolated as
major product from the reaction of 4d with methylhydrazine.
Purification made by repeated chromatography on silica with
hexane–ethylacetate 4 : 1 as eluent afforded orange powder;
yield 27%, mp 162–165 ◦C; (found C 67.7, H 5.3, N 8.8, S 6.7;
C27H25FeN3S requires C 67.6, H 5.3, N 8.8, S 6.7%).


General procedure for the preparation of oxidation products 9a–c,
14b,c, 15b and 16–18


The corresponding precursor (1–3, 4b,c, 6a–c, or 14b, 1 mmol)
and Cu(NO3)2·3H2O (0.726 g, 3 mmol) were dissolved in DCM
(20 cm3). The reaction mixture was sonicated for 1 h (for 1–3,
4b,c, 6a–c) or 10 h (for 14b) at room temperature. The reaction
was monitored by TLC. After completion the reaction medium
was filtered and the solid was washed with DCM (2 × 20 cm3).
After evaporation the residue obtained was purified (or after the
reaction of 4b or 14b the mixture of 14b and 15b was separated)
by column chromatography on silica using DCM–MeOH (15 : 1)
as eluent and re-crystallised from EtOH.


3-[1-Acetyl-3-(3-nitrophenyl)-4,5-dihydropyrazol-5-yl]-10-methyl-
10H-phenothiazine-5-oxide (9a). Yellow powder; (0.414 g 90%);
159–165 ◦C; (found C 62.6, H 4.4, N 12.2, S 7.1; C24H20N4O4S
requires C 62.6, H 4.4, N 12.2, S 7.0%).


3-[1-Acetyl-3-(4-methoxyphenyl)-4,5-dihydropyrazol-5-yl]-10-
methyl-10H-phenothiazine-5-oxide (9b). White powder; (0.423 g,


95%); 214–217 ◦C; (found C 67.4, H 5.2, N 9.5, S 7.2; C25H23N3O3S
requires C 67.4, H 5.2, N 9.4, S 7.2%).


3-[1-Acetyl-3-(2-naphthyl)-4,5-dihydropyrazol-5-yl]-10-methyl-
10H-phenothiazine-5-oxide (9c). White powder; (0.428 g, 92%);
156–158 ◦C; (found C 72.3, H 4.9, N 9.05, S 6.8; C28H23N3O2S
requires C 72.2, H 5.0, N 9.0, S 6.9%).


(E)-10-Methyl-3-[1-(3-nitrophenyl)-1-oxo-2-propen-3-yl]-10H -
phenothiazine-5-oxide (14a). Yellow powder; (0.348 g, 86%); 201–
204 ◦C; (found C 65.2, H 4.1, N 6.8, S 7.9; C22H16N2O4S requires
C 65.3, H 4.0, N 6.9, S 7.9). MS (electrospray) 405.1 (ESI+).


(E)-10-Methyl-3-[1-(4-methoxyphenyl)-1-oxo-2-propen-3-yl]-
10H-phenothiazine-5-oxide (14b). Yellow powder; (0.272 g,
70%); 237–241 ◦C; (found C 80.05, H 4.8, N 3.8, S 8.1; C23H19NO3S
requires C 70.9, H 4.9, N 3.6, S 8.2). MS (electrospray) 390.2
(ESI+).


(E)-10-Methyl-3[1-(2-naphthyl)-1-oxo-2-propen-3-yl]-10H-pheno-
thiazine-5-oxide (14c). White powder; (0.327 g, 80%); 225–
226 ◦C; (found C 76.45, H 4.65, N 3.3, S 7.8; C26H19NO2S requires
C 76.3, H 4.7, N 3.4, S 7.8%).


10-Methyl-3[1-(4-metoxyphenyl)-1-oxo-oxiran-2-yl]-10H-pheno-
thiazine-5-oxide (15b). White powder, (0.032 g, 8% obtained by
treatment of 4b for 1 h; 0.345 g, 85% obtained by treatment of
14b for 10 h), 198–201 ◦C; found C 68.3, H 4. 6, N 3.35, S 8.05;
C23H19NO4S requires C 68.1, H 4.7, N 3.45, S 7.9%).


10-Methyl-10H-phenothiazine-5-oxide (16). White powder;
(0.217 g, 95%), mp 187–189 ◦C [lit.: 185–187 ◦C, ref. 15b]; (found
C 67.9, H 5.95, N 6.1, S 14.1; C13H11NOS requires C 68.1, H 4.8,
N 6.1, S 14.0%).


3-Formyl-10-methyl-10H-phenothiazine-5-oxide (17). Yellow
powder; (0.232 g, 90%); mp 205–207 ◦C; [lit.: 207–208 ◦C, ref.
15f ] (found C 65.5, H 4.2, N 5.35, S 12.6; C14H11NO2S requires C
65.35, H 4.3, N 5.4, S 12.5%).


3,7-Diacetyl-10-ethyl-10H-phenothiazine-5-oxide, (18). Yellow
powder; (0.278 g, 85%); mp 259–262 ◦C; (found C 65.8, H 4.2,
N 4.5, S 9.95; C18H17NO3S requires C 66.0, H 4.3, N 4.3, S 9.8%).


Conclusions


Besides affording a series of novel heterocyclic derivatives includ-
ing sulfoxides with potential pharmacophoric units the simple
reactions described and theoretically modelled in this paper
may contribute to a better understanding of general substituent-
dependent reactivity of enones and pyrazolines in cyclisations and
redox reactions. The energetic data and reactivity indices obtained
by high-level DFT calculations using adequate solvent model,
can be taken into account to set up procedures for analogous
transformations of aromatic enones. Finally, the new compounds
described in this contribution deserve a multilateral investigation,
both as biologically active substances, and as potential scintillators
in radiation-detecting devices.
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Endoergic electron transport across vesicle bilayers from ascorbate (Asc−) in the inner waterpool to
methylviologen (MV2+) in the outer aqueous solution was driven by the irradiation of pyrene derivatives
embedded in the vesicle bilayers. The initial rate of MV2+ reduction is dependent on the substituent
group of the pyrenyl ring; a hydrophilic functional group linked with the pyrenyl ring by a short
methylene chain acts as a sensitizer for the electron transport. Mechanistic studies using
(1-pyrenyl)alkanoic acids (1a–c) as sensitizers suggest that the electron transport is mainly initiated by
the reductive quenching of the singlet excited state of the pyrene by Asc− and proceeds by a mechanism
involving electron exchange between the pyrenes located at the inner and outer interface across the
vesicle bilayer. We designed and synthesized novel unsymmetrically substituted pyrenes having both a
hydrophilic group linked by a short methylene chain and a hydrophobic long alkyl group (5a–c), which
acted as excellent sensitizers for the electron transport across vesicle bilayers.


Introduction


Natural photosynthesis in green plants, algae, or bacteria is a
highly efficient energy conversion system, in which solar energy is
converted into chemical potential and stored in carbohydrates.1


From a photochemical point of view, photosynthesis can be
described as a photoinduced redox reaction, where electrons are
transferred from water to the oxidized form of nicotinamide
adenine dinucleotide phosphate (NADP+) to produce NADPH
required for reduction of CO2 to carbohydrates. Attempts to mimic
natural photosynthetic systems may lead to the construction
of simpler models to understand natural systems, but also to
the production of artificial systems to convert light energy into
chemical potential with high efficiency.2


The phospholipid bilayer membrane plays an essential role
in natural photosynthesis. The photosynthetic membrane, which
is called the thylakoid membrane, not only supports lipid–
protein complexes containing pigments that participate in light
absorption and charge separation, but acts as a barrier to inhibit
the undesirable recombination reaction between photogenerated
oxidizing and reducing species. Researches on the photoinduced
redox reaction mimicking natural photosynthetic systems have
progressed using vesicles as a model of the thylakoid membrane.
Vesicles are spherical, multimolecular aggregates formed by self-
organization of natural or synthetic amphiphiles, in which a
hydrophobic lipid bilayer separates an inner waterpool from
the bulk aqueous phase.3 In 1978, Calvin and his coworkers
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clearly demonstrated that the reduction of methylviologen (N,N ′-
dimethyl-4,4′-bipyridinium, MV2+) dissolved in the outer aqueous
phase of a phospholipid vesicle solution could be sensitized
by the tris(bipyridine)ruthenium derivative that existed in the
hydrophobic lipid bilayer when EDTA was dissolved in the inner
waterpool of the vesicle.4 Since then, various systems of photo-
induced electron transport across vesicle bilayers for exploring
the mechanism and efficiency have been presented, and their
applications such as the photochemical decomposition of water
into hydrogen and oxygen have been investigated.5 Very recently,
Hurst and his colleagues reported on a vesicle system in which
electron transport from EDTA in the outer aqueous phase to
Co3+ in the inner waterpool proceeded by employing the water-
soluble zinc tetraphenylporphyrin and anthraquinone derivatives
as a sensitizer and a transmembrane electron carrier, respectively.6


Although the studies presented so far reveal the usefulness of
vesicles for mimicking natural photosynthetic systems, further
studies are required to reach the final goal, i.e., the construction of
artificial systems capable of converting light energy into chemical
potential with high efficiency.


In order for light–chemical energy conversion to mimic nat-
ural photosynthetic systems, systems of photoinduced electron
transport across vesicle bilayers should satisfy the following four
criteria. First, the total redox reaction should be endoergic with
a positive free-energy change, DG. Second, both oxidative and
reductive reactions should be reversible. When sacrificial electron
donors such as EDTA and triethanolamine, which decompose
irreversibly, are used to suppress the recombination of photo-
generated charges, a reducing species can be generated even in
homogeneous solutions converting light energy in total. Third, an
electron transport is induced by the excitation of the sensitizer
embedded in the vesicle bilayers, and proceeds from the donor
incorporated in the inner waterpool to the acceptor dissolved
in the outer aqueous solution. This vectorial electron transport
makes it possible to employ photo-generated electrons for useful
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reductive processes such as hydrogen production from water
and the conversion of CO2 into fuel. Finally, electron transport
is driven by visible light to achieve high efficiency of light–
chemical energy conversion. Among the number of systems of
photoinduced electron transport across vesicle bilayers reported
so far, there are very few systems that meet these criteria.7,8


In the course of our studies on pyrene-sensitized photo-
reactions,9 we found that pyrene derivatives embedded into the
bilayers of phosphatidylcholine (PC) vesicles photochemically
induce transport of electrons from ascorbate (Asc−) entrapped
into the inner waterpool to MV2+ dissolved in the outer aqueous
solution without any additional components acting as electron
carriers.10 The free-energy change for the total redox reaction of
our electron transfer system is estimated to be +12.7 kcal mol−1.11,12


Thus, although the pyrenes employed in our experiments un-
fortunately do not absorb visible light (>400 nm), this system
satisfies the other three criteria mentioned above. This is the first
report on employing pyrenes as sensitizers of electron transport
across vesicle bilayers, although charge separation sensitized by
pyrene-substituted lipid molecules incorporated in lipid bilayers
has already been reported.13


Pyrenes have several advantages as sensitizers for electron
transport across vesicle bilayers. First, a wide variety of their
derivatives can easily be prepared, which enables us to study
the electron transport mechanism systematically and to control
the transport efficiency. Second, pyrenes have a long lifetime
of their singlet excited state (>100 ns), which is favorable for
electron transfer from or to quenchers. Third, since pyrenes have
been widely employed as the fluorescent probe to characterize
the polarity or fluidity of vesicle bilayers,14 information on the
behaviors of pyrenes in vesicle bilayers is available. Finally,
photophysical properties of pyrenes are well-known,9b,15 so that
the short-lived reactive species that would intervene in the electron
transport can be detected and identified easily. In this paper,
we report the remarkable dependence of the ability to sensitize
electron transport on the substituent group introduced into the
pyrene nucleus, and design and synthesize new pyrene derivatives
which act as excellent sensitizers for an electron transport across
vesicle bilayers.


Results and discussion


Accumulation of methylviologen radical cation (MV+•) by the
irradiation of vesicle solutions


Vesicle solutions used for photoinduced electron transport experi-
ments were prepared as follows; a suspension of (1-pyrenyl)acetic
acid (1a) and PC from egg yolks in 1.0 M tris(hydroxymethyl)-
aminomethane–HCl (Tris–HCl) buffer (pH 7.5) containing AscNa
(1.0 M) was sonicated under Ar for 60 min at 45 ◦C. The suspension
was developed by chromatography on a Sephadex G-50 column
with a buffer solution containing NaCl (1.0 M) to remove the
electron donor and the sensitizer outside the vesicles, and then
MVCl2·3H2O was added to give a vesicle solution with MV2+


(10 mM) in an outer aqueous phase. By measurement of the
particle size distribution of the solution using a dynamic light-
scattering method, the formation of particles with a diameter
of 40–100 nm was confirmed indicating that the majority of the
vesicles had a unilamellar structure (Fig. S1†). Incorporation of


1a into the vesicle solution was monitored by its UV absorption
with a maximum at around 342 nm. As shown in the following
section, although the molar ratio of the pyrene derivative to PC was
identical (4.3 mol%) in the vesicle preparation, the concentration
of the pyrene derivative incorporated in the vesicle solution, Cs,
was dependent on the substituent group on the pyrenyl ring.


On the irradiation of the vesicle solution containing 1a (Cs =
5.4 lM) as a sensitizer with a 500-W xenon arc lamp through
a band pass filter (360 ± 20 nm),16 the accumulation of MV+•,
which was readily identified by its characteristic absorption with
maxima at 396 and 604 nm, was observed (Fig. 1). An increase
in the concentration of MV+•, [MV+•], with irradiation time, t,
obeyed good first-order kinetics,


[MV+•] = Am[1 − exp(−kobst)] (1)


from which the initial rate of MV+• formation, mi, was evaluated
as Amkobs. Neither change in the particle size distribution nor
significant consumption of the sensitizer was observed after the
irradiation.


Fig. 1 Accumulation of MV+• by the irradiation of a solution of vesicles
containing 1a and Asc−. The inset figure shows the change in the
concentration of MV+• vs. irradiation time, together with the curve fitted
to the experimental data according to eqn (1).


Evidence for electron transport across vesicle bilayers


The following three experimental results indicate that the genera-
tion of MV+• by irradiation of the vesicle solution is derived from
electron transport from Asc− entrapped in the inner waterpool to
MV2+ dissolved in the outer aqueous phase across vesicle bilayers,
which is sensitized by 1a incorporated in the hydrophobic vesicle
walls.


(1) When a sufficient amount of surfactant (Triton X-100) to
dissolve the vesicles was added to the vesicle solution, the initial
rate of MV+• formation, mi, was considerably reduced to less than
5% (Fig. S2†). This observation indicates that the hydrophobic
vesicle walls play an essential role in the accumulation of MV+•,
suppressing the recombination reaction between photo-generated
MV+• and the oxidized form of Asc−.
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(2) When the vesicle solution was prepared according to an
identical method to those described above, except for using a buffer
solution containing NaCl (1.0 M) instead of AscNa, the amount
of accumulated MV+• was considerably reduced.17,18 Furthermore,
measurement of the AscNa concentration of the irradiated vesicle
solution revealed that Asc− was consumed with the accumulation
of MV+•, although the amount of consumed donors was much
larger than that of photo-generated MV+• (Fig. S4†). These results
imply that Asc− entrapped into the inner waterpool acts as a
principal electron donor to reduce MV2+.


(3) The results of the control experiment confirmed that the
pyrene 1a was essential for the accumulation of MV+•. The location
of 1a in the vesicle solution was determined as follows. The
vibronic fine structure of pyrene fluorescence is very sensitive
to the solvent environment.19 In polar solvents, the intensity
of the 0–0 band (band 1) is enhanced whereas there is little
effect on that of the 0–2 band (band 3), thus the ratio of the
fluorescence intensities, I 1/I 3, can be used as an indication of
solvent polarity, which is called the Py scale and is reported to have
excellent correlations with other scales of solvent polarity such as
Y and ET values.19 We applied this method to understanding the
environment of 1a in the vesicle solution. The fluorescence spectra
of 1a were measured in 10 solvents having different solvent polarity
(Fig. S5†). As shown in Fig. 2, the ratio of intensities of
fluorescence vibronic bands, I 1/I 3, was dependent on solvent


Fig. 2 Plots of the ratio of vibronic band intensities of fluorescence of
1a vs.the dielectric constant of the solvent: 1, water; 2, acetonitrile; 3,
methanol; 4, ethanol; 5, dichloromethane; 6, ethyl acetate; 7, chloroform;
8, benzene; 9, cyclohexane; 10, octane. The arrow shows the value in the
vesicle solution (1.85).


polarity; large values of I 1/I 3 were observed in polar solvents.
The I 1/I 3 value of 1a in the vesicle solution prepared by the
method described above was 1.85, which is intermediate between
the values of protic and aprotic polar solvents. Based on this
observation, we conclude that the sensitizer 1a is not located in
bulk aqueous solutions, but in the membrane interior close to
the bilayer–water interface. Taking into account the dissociation
of the carboxyl group into the hydrophilic carboxylate ion under
the pH condition employed in our experiments, it appears that
the carboxylate group is anchored at the bilayer–water interface
with the pyrene moiety extending into the membrane interior. This
assumption is consistent with the conclusion obtained by Galla
and his coworkers who determined the location of the pyrene
moiety of x-(1-pyrenyl)alkanoic acids in lipid bilayers by the use
of paramagnetic quenching of their fluorescence.20


Dependence of sensitizer ability on the substituent group of the
pyrene nucleus


To optimize the structure of pyrenes employed as sensitizers
for electron transport across vesicle bilayers, the dependence of
sensitizer ability, which is evaluated with the initial rate of MV+•


formation, mi, as well as the maximal concentration of photo-
generated MV+•, Cmax, on the substituent group at the 1-position
of the pyrene nucleus was investigated. It was first found that the
formation of MV+• was not observed when unsubstituted pyrene
was employed as a sensitizer, thus we examined the pyrenes having
the structure of Py(CH2)nX (Py = 1-pyrenyl, X = H or substituent
group) systematically. The vesicle solution was prepared in an
identical manner to that described in the previous section, except
for using these pyrenes instead of 1a, and irradiated. The mi and
Cmax determined by the electron transport experiments, as well
as the concentration of the pyrenes incorporated in the vesicle
solution, Cs, are summarized in Table 1, showing that the sensitizer
ability is dependent on the substituent group of the pyrene


Table 1 Electron transport across vesicle bilayers sensitized by the pyrene derivatives Py(CH2)nX


−(CH2)nX mi/10−7 M min−1 Cmax/lM Cs/lM I(rel)a U t(rel)b


−CH2CO2H (1a) 18.0 17.4 5.4 1.0 14.7
−(CH2)2CO2H (1b) 9.1 10.9 5.7 1.1 7.0
−(CH2)3CO2H (1c) 2.5 3.0 30 3.9 0.51
−CH2NH2 (2a) 53.5 30.8 35 4.4 10.0
−(CH2)2NH2 (2b) 5.9 5.0 72 6.8 0.71
−CH2OH (3a) 44.9 16.5 66 6.4 5.7
−(CH2)2OH (3b) 16.2 9.6 70 6.7 2.0
−CH2CH3 (4a) <0.1 <0.1 68 6.6 <0.01
−(CH2)7CH3 (4b) <0.1 <0.1 71 6.7 <0.01


a Relative value of the number of photons absorbed by the sensitizer under our irradiation conditions estimated by the integration of I f(k)(1 − 10−e(k)Csl)
(I(rel) = 1.0 for 1a), see text. b Relative value of a total quantum yield for MV+• formation (U t = 10.0 for 2a).21
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nucleus. The results clearly indicate the following two facts. First,
a hydrophilic functional group is essential for pyrene derivatives
to act as sensitizers for electron transport across vesicle bilayers.
Second, the effectiveness of the hydrophilic group decreases
significantly as the length of the methylene chain connecting the
hydrophilic group with the pyrene nucleus is increased.


As discussed in detail in the following section, the initial rate
of MV+• formation, mi, is governed by the product of the number
of photons absorbed by the sensitizer in unit time, I , and a total
quantum yield for MV+• formation, U t. The absorption spectra
in the region of >300 nm of the pyrene derivative Py(CH2)nX
employed as the sensitizers are practically identical exhibiting an
intense transition with a maximum at 342 nm. Since the light
from a xenon arc lamp through a band-path filter (360 ± 20 nm)
was employed in the irradiation, the relative value of I for each
sensitizer is estimated by the integration of I f(k)(1 − 10−e(k)Csl),
where I f(k) shows the wavelength dependence of incident light
evaluated by the spectrum of the light transmitted by the filter
employed in the electron transport experiment (360 ± 20 nm),
e(k) stands for the absorption spectrum of each sensitizer, and l
represents the length of the cell used in the irradiation experiment.
Thus, the relative quantum yields for MV+• formation, U t(rel), can
be estimated by mi/I , which are presented in Table 1.21 As shown
in the table, an increase in the hydrophobicity by the extension of
the methylene chain linking the hydrophilic functional group with
a pyrene nucleus results in an increase in Cs which is favorable
for the rapid formation of MV+•, while it causes a considerable
decrease in U t which leads to a total decrease in mi.


The dependence of the sensitizer ability on the substituent is
interpreted in terms of the position of the pyrene moiety of the
sensitizer relative to the bilayer–water interface. As mentioned in
the previous section, the sensitizers having a hydrophilic functional
group connected to a pyrene moiety by a short methylene chain
are anchored at the bilayer–water interface, facilitating electron
transfer processes which occur at the interface. On the other hand,
the hydrophobic sensitizers are incorporated into the interior of
the vesicle membrane, the position of which is unfavorable for
the interaction with the electron donor and acceptor dissolved
in aqueous phases. An analogous interpretation was offered
in the effect of the 1-methylpyridinium moiety in the electron
transport across vesicle bilayers sensitized by synthetic magnesium
porphyrins.7 On the basis of the detailed data of the reactions
sensitized by (1-pyrenyl)acetic acid (1a) and 4-(1-pyrenyl)butyric
acid (1c), the effect of the methylene chain length on the electron
transport efficiency is further discussed in the following section.


Mechanistic studies of electron transport across vesicle bilayers
sensitized by (1-pyrenyl)alkanoic acids


The data described in the previous sections indicate that the
photoreduction of MV2+ dissolved in the outer aqueous phase
of the vesicle solution is derived from the electron transport across
vesicle bilayers sensitized by the pyrene derivative embedded in the
vesicle membrane, in which Asc− entrapped in the inner waterpool
acts as an electron donor. Moreover, it is indicated that a total
quantum yield for the electron transport, U t, is dependent on
the hydrophobicity of the sensitizers. In this section, we report
the results of studies to elucidate the factors governing U t, and
propose a plausible mechanism of the electron transport across
vesicle bilayers.


(1) Dependence of the initial rate of MV+• accumulation on
light intensity. First, the dependence of the initial rate of MV+•


accumulation, mi, on the incident light intensity was examined to
reveal the number of photons required to produce one molecule
of MV+•. Four vesicle solutions with the same concentration of 3-
(1-pyrenyl)propionic acid (1b) were prepared, and irradiated with
light of 366 nm from an extra-high pressure mercury lamp, the
intensity of which was regulated by using four kinds of neutral
density filters. The initial accumulation rate, mi, decreased with
decreasing light intensity (Fig. S6†). The plot of mi against light
intensity gave a perfect straight line. A linear relationship between
mi and light intensity indicates that the photoinduced electron
transport from Asc− to MV2+ across vesicle bilayers requires
only one photon, and excludes the possibility of electron transfer
between the pyrene radical anion photogenerated in the inner
bilayer–water interface and the radical cation photogenerated in
the outer bilayer–water interface. Moreover, the mechanism in-
volving a two-photon absorption ionization of pyrenes to produce
a solvated electron13a,22 is also ruled out for the formation of MV+•.


(2) Quenching of sensitizer fluorescence by MV2+ and Asc−.
To gain information about the initial processes of the electron
transport across vesicle bilayers, quenching of the fluorescence
of the pyrene sensitizers 1a–c embedded in the vesicle bilayers
by MV2+ and Asc− was examined. The fluorescence intensity of
1a–c in the vesicle solution prepared in the same manner as that
described in the previous section, except that NaCl (1.0 M) was
entrapped in the inner waterpool instead of AscNa, decreased
by the addition of MVCl2 or AscNa to the outer aqueous
solution, and Stern–Volmer constants, KSV, for the fluorescence
quenching were obtained. The results are summarized in Table 2


Table 2 Kinetic parameters for the quenching of 1a–c by MV2+ and Asc− in PC vesicle solution and aqueous homogeneous solution


MV2+ Asc−


Sensitizer Systema ss
b/ns KSV/M−1 kq/107 M−1 s−1 KSV/M−1 kq/107 M−1 s−1


1a PC 92 (137) 54.7 59.4 3.13 3.40
AQ 134 (146) 1250 933 251 187


1b PC 106 (153) 65.6 61.9 4.37 4.12
AQ 125 (141) 884 707 188 150


1c PC 148 (199) 51.9 35.1 11.6 7.83
AQ 122 (136) 430 355 174 144


a PC; in vesicle solutions where the sensitizer was incorporated in the vesicle bilayers. AQ; in aqueous homogeneous solution (1.0 M Tris–HCl buffer,
pH 7.5). b Lifetime of the singlet excited state of the sensitizer measured under air. Lifetime under N2 is shown in parentheses.
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together with the lifetimes of the singlet excited state of the
sensitizers, ss, determined by the use of time-resolved fluorescence
spectroscopy and rate constants for the fluorescence quenching,
kq = KSV/ss. Moreover, for the sake of comparison, quenching of
the fluorescence of 1a–c by MV2+ and Asc− in an aqueous solution
(1.0 M Tris–HCl buffer) was examined, the data on which are
presented in the table.


As shown in the table, the quenching of the pyrene fluorescence
occurs more effectively by MV2+ than Asc− both in the vesicle
solutions and in the fluid solutions, and the kq’s in the vesicle
solutions are decreased more than one order of magnitude over
the corresponding kq’s in the aqueous solutions. An analogous
large decrease in quenching efficiency in vesicle solutions com-
pared with homogeneous solutions was reported by Barenholz
and his coworkers in the fluorescence quenching by iodide ions
of (1-pyrenyl)alkanoic acids embedded in PC vesicles.14a The free-
energy changes for the oxidative and reductive quenching of singlet
excited pyrene with MV2+ and Asc− are calculated by the Rehm–
Weller equation23 to be −39 and −26 kcal mol−1, respectively.11,24


These large exothermicities suggest that both quenching processes
proceed by an electron transfer mechanism. It should be noted
that although MV2+ quenches the singlet excited state of 1a–c more
effectively than Asc−, the efficiency of quenching with Asc−, UD,
which is depicted by kq[Asc−]/(ss


−1 + kq[Asc−]), is much greater
than that with MV2+, UM, owing to a high concentration of Asc−


entrapped into the inner waterpool; UD = 0.82, UM = 0.45 for
1a. Thus, it is revealed that the reductive quenching of the singlet
excited state of the sensitizer by Asc− to produce a radical pair of
the sensitizer radical anion and Asc• plays an important role in
the initiation of the electron transport across vesicle bilayers.


(3) Plausible mechanism of electron transport across vesicle
bilayers. Assuming that the electron transport across vesicle
bilayers is initiated by the reductive quenching of the singlet
excited state of the pyrene sensitizer by Asc− entrapped in the
inner waterpool, we propose a mechanism for the formation of
MV+• as illustrated in Scheme 1. In the scheme, Si and So stand
for the sensitizers located in the vesicle bilayer close to the inner
waterpool and the outer aqueous phase, respectively.


Scheme 1 Proposed mechanism for the formation of MV+• initiated by
the quenching of the singlet excited state of the pyrene sensitizer (Si) by
Asc− entrapped in the inner waterpool.


According to the scheme, the change in the concentration of
MV+• produced by the reduction of MV2+ in the outer aqueous
phase is described by eqn (2).


d[MV+•]/dt = kt[So
−•][MV2+] − kr[MV+•] (2)


In the equation, kt is a bimolecular rate constant for an electron
transfer from So


−• (the radical anion of So) to MV2+. The


intermediate So
−• is produced by an electron transfer from Si


−•,
which is generated by the reductive quenching of the excited
state of Si by Asc− entrapped in the inner waterpool (Scheme 1).
Moreover, MV+• is lost by the reaction with an electron-accepting
species,25 such as contaminating O2 and the oxidized form of
Asc− escaping from the inner waterpool, the pseudo-first-order
rate constant for which is depicted by kr. Applying a steady-state
approximation to the reactive intermediates Si*, Si


−•, and So
−•,


eqn (2) is solved to give eqn (3) for [MV+•] at a definite irradiation
time, t.


[MV+•] = (aIUDUEUA/kr)[1 − exp(−krt)] (3)


In this equation, I and UD are the number of photons absorbed by
the sensitizer in unit time and the quenching efficiency of the singlet
excited state of the sensitizer by Asc−, respectively, as defined in
the previous section, and a is the proportion of sensitizers located
at the interface of the vesicle bilayer and the inner waterpool.
Furthermore, UE, which is equal to ke[So]/(si


−1 + ke[So]), shows
the efficiency for Si


−• in the transfer of an electron to So, where si


and ke are the lifetime of Si
−• in the absence of So and a bimolecular


rate constant for an electron transfer from Si
−• to So, respectively.


Considering that the sensitizers are anchored at the bilayer–water
interface by the carboxylate group, it is reasonable to think that
the electron transfer across the vesicle bilayer proceeds not by a
mechanism involving translocation of the sensitizer radical anion,
but by an electron exchange mechanism. Finally, the efficiency UA


is depicted by kt[MV2+]/(so
−1 + kt[MV2+]), which represents the


efficiency for So
−• to transfer an electron to MV2+ in the outer


aqueous phase, where so is the lifetime of So
−• in the absence of


MV2+.
The dependence of the photogenerated MV+• concentration on


the irradiation time given by eqn (3) is fully consistent with the
observed MV+• accumulation curve, which was analyzed by first-
order kinetics (eqn (1)). Thus, the observed initial rate of MV+•


formation, mi, is found to be equal to aIUDUEUA, and the total
quantum yield for MV+• formation, U t, defined in the previous
section is identified as aUDUEUA.


(4) Dependence of the initial rate of MV+• accumulation on
MV2+ Concentration. In order to obtain evidence in support of
the mechanism described above, the dependence of mi on the initial
concentration of MV2+ added to the outer aqueous phase, [MV2+],
was examined. Assuming the above mechanism, mi is depicted by
aIUDUEUA. Since UA is equal to kt[MV2+]/(so


−1 + kt[MV2+]), a
linear relationship between 1/mi and 1/[MV2+] is expected as shown
in eqn (4).


1/mi = (1/aIUDUE)(1 + 1/(ktso[MV2+])) (4)


Fig. 3 shows plots of 1/mi against 1/[MV2+] for the electron
transport across vesicle bilayers using 1a and 1c as sensitizers,
which give straight lines as expected. As shown in the figure, the
slopes of these two lines differ greatly, indicating that mi for 1c
depends on [MV2+] more largely compared with 1a. The least-
squares analysis of the plots shown in Fig. 3 gives us the value of
ktso, which enables evaluation of the efficiency UA. The UA values
for 1a and 1c are calculated to be 0.36 and 0.033 at [MV2+] =
10 mM, respectively. This result suggests that the large decrease in
mi for 1c compared with 1a is mainly due to a considerably smaller
value of UA.
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Table 3 Relative quantum yields for the electron transport across vesicle
bilayers sensitized by 1a and 1c


Sensitizer mi/10−7 M min−1 I(rel) U t(rel)a UD UE(rel)b UA


1a 18.0 1.0 14.7 0.82 1.0 0.36
1c 2.5 3.9 0.51 0.94 0.33 0.033


a See Table 1. b Efficiency for Si
−• to transfer an electron to So estimated by


U t(rel)/(UDUA) (UE(rel) = 1.0 for 1a).


Fig. 3 Plots of a reciprocal of the initial rate of MV+• formation vs. a
reciprocal of the initial concentration of MV2+ for the irradiation of a
solution of vesicles containing 1a (�) or 1c (�) and Asc−.


The efficiencies estimated for individual processes of the electron
transport across vesicle bilayers using 1a and 1c as sensitizers are
presented in Table 3. Thus, it is concluded that the remarkable
decrease in the total quantum yield of the electron transport, U t,
with an increase in the length of the methylene chain linking a
carboxyl group with the pyrene nucleus is mainly attributed to a
decrease in UA, the efficiency for So


−• in the transfer of an electron
to MV2+ in the outer aqueous phase, which is due to a decrease
in the value of ktso. Because the pyrene moiety of 1c is located in
the deeper interior of the vesicle membrane compared with that of
1a, the rate constant for the electron transfer from So


−• to MV2+,
kt, would be reduced owing to the longer distance of the pyrene
moiety from the outer aqueous phase. Moreover, the back electron
transfer from So


−• to Si would be enhanced owing to the shorter
distance between the pyrene moieties of Si and So, which reduces
the lifetime of So


−•, so. Thus, we propose that these two factors are
responsible for the smaller value of U t in the electron transport
across vesicle bilayers using 1c as a sensitizer compared with 1a.


Design and syntheses of novel pyrene derivatives acting as excellent
sensitizers


The initial rate of MV+• formation, mi, as well as the maximal
concentration of photogenerated MV+•, Cmax, is governed by two
factors; the number of photons absorbed by the sensitizer in unit
time, I , and the total quantum yield for MV+• formation, U t. As
shown in Table 1, an increase in the hydrophobicity of a sensitizer
causes an increase in its concentration in the vesicle solution, Cs,
which is favorable for an increase in I , but decreases U t because
it is incorporated in the interior of the vesicle membrane. On the
other hand, although the large U t value is achieved in a hydrophilic


Table 4 Electron transport across vesicle bilayers sensitized by bifunc-
tional pyrenes 5a–c


Sensitizer mi/10−7 M min−1 Cmax/lM Cs/lM I(rel)a U t(rel)b


5a 43.5 29.3 53 13.2 2.6
5b 57.5 38.7 64 14.4 3.1
5c 46.2 29.0 74 15.3 2.3
1b 9.1 10.9 5.7 1.0 7.0


a Relative value of the number of photons absorbed by the sensitizer under
irradiation estimated by the integration of I f(k)(1–10−e(k)Csl) (I(rel) = 1.0
for 1b). b Relative value of a total quantum yield for MV+• formation (U t =
10.0 for 2a).21


sensitizer such as 1a, which is located at the bilayer–water interface,
it has limited solubility in the vesicle. Thus, in order to enhance mi


and Cmax by using sensitizers with large values of both I and U t, we
designed novel unsymmetrically substituted bifunctional pyrenes
5a–c. These pyrenes have both a carboxyl group linked with a
short methylene chain, by which the pyrene moiety is placed at the
bilayer–water interface facilitating an electron transfer from or to
the species in the bulk aqueous phase, and a hydrophobic long
alkyl group to increase solubility in the vesicle membrane.


The preparation route for these pyrenes is summarized in
Scheme 2. Moreover, the result of the electron transport across
vesicle bilayers obtained by using 5a–c as sensitizers is shown in
Table 4, together with that obtained by using 1b under identical
irradiation conditions.


Scheme 2 Route for the preparation of unsymmetrically substituted
bifunctional pyrenes 5a–c. Reagents and conditions: i: H–C≡C–R,
Pd(Ph3P)2Cl2, CuI, morpholine; ii: H–C≡C–CH2OTHP, Pd(PPh3)2Cl2,
CuI, morpholine; iii: pyridinium p-toluenesulfonate, EtOH–CH2Cl2;
iv: H2, PtO2, THF; v: pyridinium dichromate, DMF; vi: MsCl, Et3N,
CH2Cl2 and then LiBHEt3, THF.


As expected, the introduction of a hydrophobic alkyl group into
the pyrene nucleus of 1b causes a significant increase in mi, as well
as Cmax. Although the relative value of I for each sensitizer is
evaluated by the integration of I f(k)(1 − 10−e(k)Csl) as shown in the
previous section, it should be noted that the absorption maxima
of 5a–c are red-shifted by 7 nm compared with that of 1b owing to
the substitution of an alkyl group at the 6-position of the pyrene
nucleus (Fig. 4). The values of I , as well as U t which is evaluated
by U t = mi/I , for 5a–c relative to those of 1b are also presented in
Table 4. As shown in the table, a significant increase in mi observed
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Fig. 4 UV–vis spectra of 1b (solid line) and 5a (broken line) in
dichloromethane. The parabolic curve in the range of 360 ± 20 nm shows
the wavelength dependence of the transmittance of the optical filter system
employed in our experiments, I f(k).


in the electron transport across vesicle bilayers by using 5a–c as
sensitizers is attributed to the large value of I which is due to
their large solubility in the vesicle membrane increasing Cs, and
the bathochromic shift of their absorption maxima increasing the
absorptivity of the incident light. It should be pointed out that in
spite of the high concentration of 5a–c in the vesicle membrane,26


only weak emission due to the excimer was observed at 480 nm
(Fig. S7†), indicating that quenching of the excited sensitizer by
the other pyrene is negligible.


Moreover, in spite of the substitution of a long alkyl chain,
U t’s for 5a–c are not so greatly reduced compared to that
of 1b, indicating the remarkable effect of a carboxylate group
anchoring the pyrene moiety at the bilayer–water interface. The
effect of the length of a hydrophobic alkyl chain on the electron
transport efficiency was not observed, suggesting that a propyl
group is sufficiently long to give 1b sufficient solubility to vesicle
membranes.


Conclusions


We found that an endoergic electron transport across vesicle
bilayers from Asc− in the inner waterpool to MV2+ in the outer
aqueous solution can be driven by irradiation of pyrene derivatives
embedded in the vesicle bilayers. The ability of the pyrene
derivative as a sensitizer for the electron transport is dependent on
the substituent group of the pyrenyl ring; a hydrophilic functional
group linked with the pyrene moiety by a short methylene chain is
necessary to act as an excellent sensitizer. We propose that electron
transport is mainly initiated by the reductive quenching of the
singlet excited state of the pyrene by Asc− to produce the pyrene
radical anion in the vesicle bilayer close to the inner waterpool,
and proceeds by a mechanism involving electron exchange between
the pyrenes located at the inner and outer interfaces across the
vesicle bilayer. To validate this mechanism, however, the detection
of reactive intermediates involving the electron transport across
vesicle bilayers and the detailed analyses of their kinetic behaviors
using time-resolved laser flash photolysis are required.27 Moreover,


we synthesized novel unsymmetrically substituted pyrenes having
both a hydrophilic group linked by a short methylene chain and
a hydrophobic long alkyl group, which act as excellent sensitizers
for the electron transport across vesicle bilayers. Although this
system unfortunately cannot work using visible light, it appears
to be one of the most faithful models of natural photosynthesis in
that an electron is transferred with the aid of light energy between
two reversible redox couples in the energetically uphill direction
through lipid bilayer walls preventing a charge recombination.
Work is in progress to enhance the efficiency of the electron
transport and to link this system with catalytic reactions to achieve
the fixation of light energy into the chemical bond energy.


Experimental


General methods


1H NMR spectra were recorded on a 270 or 500 MHz spectro-
meter. 13C NMR spectra were recorded on a 125 MHz
spectrometer. EI-MS spectra (70 eV) were obtained on a JMS-
600H spectrometer. UV–vis spectra were recorded on a JASCO
V-560 spectrometer. Fluorescence spectra were recorded on a
JASCO FP-777 spectrofluorometer with a 200 nm min−1 scan-
ning speed and a 1.5 nm bandwidth on excitation at 350 nm.
Preparative thin-layer chromatography (PTLC) was carried out
with Merck Silica Gel 60 F254, and column chromatography
was done with Cica-Merck Silica Gel 60. (1-Pyrenyl)acetic acid
(1a), 4-(1-pyrenyl)butyric acid (1c), and (1-pyrenyl)methanol
(3a) were purchased from Aldrich and used after recrystalliza-
tion. (1-Pyrenyl)methylamine (2a) was obtained by treatment
of its commercially available hydrochloride (Aldrich) with an
alkaline solution. Phosphatidylcholine from egg yolks (PC)
was purchased from Sigma-Aldrich, and N,N ′-dimethyl-4,4′-
bipyridinium dichloride trihydrate (MVCl2·3H2O), sodium ascor-
bate (AscNa), and tris(hydroxymethyl)aminomethane (Tris) were
purchased from Tokyo Kasei Kogyo Co., Ltd. and used without
purification.


Vesicle preparation


A CH2Cl2 solution (1.77 mL) containing the sensitizer (0.52 mmol)
and PC (12.0 mmol) was evaporated under reduced pressure to
dryness in a test tube, coating the glass surface with a film of the
amphiphile containing the sensitizer. To the test tube was added
a solution (4 mL) of 1.0 M Tris–HCl buffer, pH 7.5, containing
1.0 M AscNa, and the amphiphile was dispersed by sonication
for 60 min at 45 ◦C. During sonication Ar was bubbled into the
solution. The resulting suspension was developed on a column
with Sephadex G-50 (Amersham Biosciences) equilibrated with
a 1.0 M Tris–HCl buffer solution containing 1.0 M NaCl, and
the fraction (3.5 mL) containing the amphiphile was collected.
To the solution (3.0 mL) was added MVCl2·H2O (30 mmol) to
give a vesicle solution for electron transport experiments. The
concentration of the sensitizer in the vesicle solution, Cs, was
evaluated by the absorbance at the wavelength of its maximal
absorption and its molar extinction coefficient determined in a
fluid solution; 345 nm (e = 35 000 M−1 cm−1) for 1–4 and 352 nm
(e = 39 000 M−1 cm−1) for 5.
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Dynamic light scattering (DLS) studies


Vesicle solutions were prepared as described above. DLS measure-
ments were made on a Honeywell Microtac UPA-150 at room
temperature. The mean refractive index of 1.81 was used as the
refractive index of the sample. The mean diameters of particles
were calculated from volume distribution data obtained as the
average of five measurements.


Photochemistry


A vesicle solution was placed into a quartz cell (10 mm × 10 mm),
and Ar was bubbled into the solution for 60 min. The solution
was irradiated with a 500 W xenon arc lamp through both a
Toshiba optical cutoff filter (UV-35, >350 nm) and a band pass
filter (UV-D36B, 360 ± 20 nm). The MV+• accumulation was
monitored by an increase in the absorption at 604 nm, and the
concentration of MV+•, [MV+•], was calculated by using its molar
extinction coefficient (e = 12 400 M−1 cm−1).4,28 In the electron
transport in the presence of surfactant, 27 lM of Triton X-100
(Tokyo Kasei Kogyo Co., Ltd.) was added to the vesicle solution
(3 mL) before irradiation. The concentration of Asc−, [Asc−],
was determined as follows: the irradiated vesicle solution was
aerated to oxidize MV+•, and an aqueous solution of Triton X-100
(10% (w/w), 100 lL) was added to the solution. After stirring for
5 min, a K3[Fe(CN)6] solution (30 mM) in 1.0 M Tris–HCl buffer
containing 1.0 M NaCl was added, and [Asc−] was calculated
on the basis of the consumption of [Fe(CN)6]3− determined by a
decrease in the absorption of 420 nm (e = 1027 M−1 cm−1). In the
experiment for dependence of the initial rate of MV+• formation on
light intensity, the vesicle solution was divided into four portions
(3 mL each), and each solution was irradiated with 366 nm light
emitted by an extra-high pressure mercury lamp (Ushio, SX-
UI D500HAMP) through both an optical cutoff filter (UV-35,
>350 nm) and a band-path filter (UV-D36B, 360 ± 20 nm). The
light intensity was regulated by using four Toshiba neutral density
filters, the transmittances of which for 366 nm light are 23.0, 12.5,
6.6, and 3.8%.


Fluorescence quenching studies


A vesicle solution for fluorescence quenching studies was prepared
in the same manner as that described above, except for using 1.0 M
NaCl instead of AscNa. Solutions of the sensitizer containing
various amounts of quenchers were placed in quartz cells (10 mm ×
10 mm). Fluorescence spectra were measured at room temperature
under air on excitation at 350 nm. Relative fluorescence intensities
(F 0/F) were determined by measuring the peak of heights for
the maxima. The fluorescence lifetime was measured by using a
pulsed Q-switch Nd:YAG laser (SOLAR LF114) as the excitation
source. The fluorescence decay profiles were recorded by the use of
third harmonic generation of the laser that provided UV pulses at
355 nm with a duration of 13 ns. A sample solution was placed in
a quartz cell (10 mm × 10 mm), and the fluorescence was collected
at 90◦ to the excitation light.
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Following a potentiometric determination of the relevant pKa values of the (R1R2)C=NOH
functionality, the second order rate constants (kOx) for reaction of a large set of oximate bases with two
model organophosphorus esters, i.e. bis-(4-nitrophenyl)phenylphosphonate (BNPPP) and
bis-(4-nitrophenyl)methylphosphonate (BNPMP), and three toxic compounds, i.e., sarin (GB), soman
(GD) and diisopropylphosphorofluoridate (DFP), in aqueous as well as a 30 : 70 (v/v) H2O–Me2SO
mixture have been measured. The corresponding Brønsted-type nucleophilicity plots of log kOx vs.
pKa


Ox reveal a clear tendency of the reactivity of the oximates to suffer a saturation effect with
increasing basicity in aqueous solution. In the case of BNPMP and the three toxic esters, this behaviour
is reflected in a levelling off at pKa ≈ 9 but a more dramatic situation prevails in the BNPPP system
where the attainment of maximum reactivity at pKa ≈ 9 is followed by a clear decrease in rate at higher
pKa’s. Interestingly, a number of data reported previously by different authors for the sarin, soman and
DFP systems are found to conform rather well to the curvilinear Brønsted correlations built with our
data. Based on this and previous results obtained for reactions at carbon centers, it can be concluded
that the observed saturation effect is the reflection of an intrinsic property of the oximate functionality.
An explanation of this behavior in terms of an especially strong requirement for desolvation of the
oximates prior to nucleophilic attack which becomes more and more difficult with increasing basicity is
suggested. This proposal is supported by the observed changes in pKa


Ox and kOx brought about by a
transfer from H2O to a 30 : 70 H2O–Me2SO mixture. The implications of the saturation effect on the
efficiency of oximates as nucleophilic catalysts for smooth decontamination are emphasized. Also
discussed is the effect of basicity on the exalted (a-effect) reactivity of these bases.


Introduction


It has long been recognized that nucleophiles possessing a
heteroatom with an unshared pair of electrons adjacent to the
nucleophilic center exhibit a high nucleophilic reactivity compared
with common nucleophiles of similar basicities. The origin of
this behaviour, the so-called a-effect, has received considerable
attention in the last two decades but it is as yet incompletely
understood.1–7 Recent work suggests, however, that ground-
state and transition-state effects, together with solvation effects,
play a major role in determining the exalted reactivity of a-
nucleophiles.8–13


Among different a-nucleophiles, oximates have featured widely
because they represent a class of nucleophilic catalysts which
has proved to be very efficient in promoting such important
processes as acyl, phosphyl and sulfyl transfers, as well as proton
transfers.10,14–18 However, we have discovered that the behaviour


UMR CNRS 8180, Institut Lavoisier, University of Versailles, 45, Avenue des
Etats-Unis, 78035-Versailles Cedex, France. E-mail: terrier@chimie.uvsq.fr
† Electronic supplementary information (ESI) available: Table S1 and Fig.
S1–S6. See DOI: 10.1039/b609658c
‡ On leave from Departamento de Quimica Fisica, Facultade de Quimica,
Universidade de Santiago de Compostela, 15782, Santiago de Compostela,
Spain.


of oximates does not conform to the traditional finding that
nucleophilicity increases regularly with increasing basicity.9,10


Whereas Brønsted plots for normal nucleophiles reacting at
electrophilic carbon centers have been found to be linear with
slopes in the range 0.6–0.75 up to pKa’s ≈11, corresponding plots
for oximates reacting at carbonyl centers display a levelling-off
behaviour at much lower pKa.9,10,19 As shown in Fig. 1, which refers
to their reactions with p-nitrophenylacetate (PNPA) in aqueous
solution,9,10 oximate bases of pKa < 8 define a Brønsted line
with a slope (bnuc = 0.70) typical of acyl transfer reactions, but
the Brønsted plot starts to curve around pKa ≈ 8–8.5 and the
observed curvature tends to define a limiting reactivity for the
more basic oximate species. Other examples of acyl group transfers
characterized by such a rapid saturation-type behaviour have been
reported by Simanenko et al. as well as Tonnellato et al.12,13 A
similar tendency to a levelling-off in reactivity has been observed
in the SNAr displacement of the fluorine atom of 1-fluoro-2,4-
dinitrobenzene by oximates.20


We have recently carried out a study of PNPA-oximate reactions,
going from water to various H2O–Me2SO mixtures of increasing
Me2SO content.19 While the levelling off in reactivity seen in water
is still present in 70 : 30 (v/v) H2O–Me2SO, a complete change
in behaviour occurs in Me2SO-rich solutions where the linearity
of the Brønsted correlation is restored over the whole range of
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Fig. 1 Brønsted-type nucleophilicity plots for reactions of oximates and
phenoxides with PNPA at T = 25 ◦C in aqueous solution showing the
saturation behaviour of oximates (k in dm3 mol−1 s−1); see Chart 1 for the
identification of the oxime structures.


oximate basicity studied. On this ground, we have suggested that
the origin of the observed saturation of reactivity of oximates
could arise from a special need for partial desolvation of these
species prior to nucleophilic attack that becomes energetically
more costly with increasing basicity.19 Such a decoupling of
desolvation and bond formation, which also occurs with other
types of nucleophiles but at much higher pKa’s, i.e. pKa > 11–12
for aryloxide ions, has been termed imbalance.16,19–22


In view of the use of oximates as catalysts for the hydrolysis of
organophosphorus esters,6,23–37 the question of whether the level-
ling off behaviour observed for reactions at carbon centers extends
to processes involving other electrophilic centers, in particular
phosphorus centers, was posed henceforth. In order to address
this question, we have undertaken studies of the reactions of two
model members of the phosphonate family, namely the bis(4-
nitrophenyl)methyl- and bis(4-nitrophenyl)phenyl-phosphonates
(BNPMP and BNPPP, respectively), with the series of oximates
(Ox−, OxH−, Ox=) derived from the ionization of monoxime
(OxH) and dioxime (OxH2) species 1–14 (Chart 1), according
to eqn (1) in aqueous solution. As emphasized in a recent
communication,38 the results obtained have confirmed the strong
tendency of the oximate reactivity to level off at pKa ≈ 9. This
prompted us to consider the impact of this saturation effect for
selecting the most efficient oximate nucleophiles in neutralization
of toxic organophosphorus compounds such as sarin and soman—
two chemical war agents commonly referred to as GB and GD,
respectively—and the well-known insecticide diisopropylphos-
phorofluoridate (DFP) in aqueous solution (eqn (2)).23–26,35–37


In this paper, we report in detail the results of our investigations
of reactions (1) and (2) in aqueous solution. Results regarding the
course of reactions (1) in a 30 : 70 (v/v) H2O–Me2SO mixture
are also reported. Altogether, the results obtained add to the
evidence that the levelling off in nucleophilic reactivity of highly
basic oximates arises from a need for partial desolvation of these
oxyanions prior to nucleophilic attack, that is less important for
weakly basic than for more strongly basic anions. The relevance
of this solvational imbalance phenomenon to detoxification of
organophosphorus esters under mild conditions is discussed.27–31


(1)


(2)


Results


pKa Values in H2O–Me2SO mixtures


While the pKa values for all oximes 1–14 were known in aqueous
solution, only those for the oximes 7–10, 12 and 13 were
previously determined in H2O–Me2SO mixtures.10 The acidity of
the monoximes 1a–1d, 3, 10 and 14 (pKa1) as well as that of
the dioximes 4, 5 and 6 (pKa1, pKa2) was therefore measured in
70 : 30 (v/v) H2O–Me2SO, 50 : 50 (v/v) H2O–Me2SO, and 30 :
70 (v/v) H2O–Me2SO, using the same potentiometric procedures
as described earlier (see Experimental).38–40 In view of their
high significance for understanding reactivity, the pKa values for
ionization of all oximes 1–14 in water (I = 0.1 mol dm−3) and
H2O–Me2SO (I = 0.5 mol dm−3) at 25 ◦C are collected in Table 1.
For the purpose of comparison, the pKa values of some phenols
are also given in this table.10,40


Kinetic studies


Reactions of oximates 1–14 with BNPMP and BNPPP.
Monoximate and dioximate bases derived from pyridinium and
related cationic oximes are yellow-colored species the absorption
spectra of which overlap with that of p-nitrophenoxide ion (4NP–
O−). However, we have found it possible to measure the rates
of reactions (1) in all oximate buffers by following spectropho-
tometrically the appearance of 4NP–O− at the most appropriate
wavelength in the range 410–440 nm in aqueous or 30 : 70 (v/v)
H2O–Me2SO solution. For each buffer studied the reactions were
conducted at 25 ◦C, varying the concentration of the acid and
base buffer components at constant pH while maintaining pseudo-
first-order conditions with the buffer always being in large excess
throughout, i.e. [ester] ≈ 5 × 10−5 mol dm−3, [Ox−], [OxH−] or
[Ox=] = 10−3–10−2 mol dm−3. The ionic strength was kept constant
at I = 0.1 mol dm−3 (KCl) in water and 0.5 mol dm−3 NMe4Cl
in 70% Me2SO. In the case of the three dioximes studied, 4, 5
and 6, the reactivity of the mono and dioximate species could be
assessed independently by investigating the kinetics of reactions
(1) in buffer compositions of low pH to minimize the contribution
of the dioximate base or of high pH to minimize that of the
monoximate base (see Experimental).


Apart from the three pyridine aldoxime systems (12–14),
excellent first-order kinetics up to about 90% of the total release
of 1 eq. of 4NP–O− were obtained in all buffers studied. Plots
of the corresponding first-order-rate constants kobs versus the
concentration of the reactive oximate species were linear with
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Chart 1 Structures and numbering of oximes.


4354 | Org. Biomol. Chem., 2006, 4, 4352–4363 This journal is © The Royal Society of Chemistry 2006







Table 1 pKa Values for monoximes (OxH) and dioximes (OxH2, OxH−) in water and various H2O–Me2SO mixturesa


Oxime \ pKa or phenol H2O 30% Me2SO 50% Me2SO 70% Me2SO DpKa


1ab 6.54 6.78 6.78 7.14 0.60
2b 6.98 — — — —
3b 7.13 7.03 7.20 7.72 0.59
4b 7.33 7.71 8.05 8.46 1.13


9.02 9.03 9.29 9.80 0.78
5b 7.46 7.59 8.00 8.61 1.15


8.17 8.49 8.70 9.45 1.28
2,4-Dichlorophenolc 7.65 8.01 8.31 9.08 1.43
1bb 7.74 7.98 8.41 9.36 1.62
7c 7.75 8.28 8.38 9.00 1.25
4-Cyanophenolc 7.80 8.17 8.45 9.31 1.51
6b 7.79 8.04 8.38 9.10 1.31


8.55 8.83 9.28 9.89 1.44
3,5-Dichlorophenolc 8.03 8.27 8.53 9.38 1.35
8c 8.05 8.58 8.68 9.47 1.42
1cb 8.16 8.49 9.21 10.04 1.88
9c 8.27 8.70 9.22 10.16 1.89
1db 8.30 8.70 9.37 10.27 1.97
3,4-Dichlorophenolc 8.51 8.78 9.10 10.08 1.57
10b 9.20 9.65 10.12 11.32 2.12
11c 9.30 9.97 10.62 12.07 2.77
4-Chlorophenolc 9.35 9.85 10.18 11.52 2.17
12c 9.55 10.22 10.98 12.40 2.85
3-Methoxyphenolc 9.65 10.35 11.05 12.24 2.59
13c 9.85 10.43 11.19 12.96 3.11
Phenolc 9.88 10.62 11.21 12.44 2.56
14 9.95 10.62 11.43 13.18 3.23


a I = 0.1 mol dm−3 in water, I = 0.5 mol dm−3 in H2O–Me2SO mixtures; T = 25 ◦C. b pKH2 O
a Values from ref. 10. c All pKa values from ref. 10 and/or


ref. 40.


negligible intercepts, indicating no appreciable contribution of
hydroxide ion and/or water to the rates and suggesting that kobs


is simply given by eqn (3). Determination of the second-order-
rate constants kOx from the slopes of the various buffer plots was
straightforward (Fig. S1 and S2†).


kobs = kOx[oximate] (3)


In the three pyridinealdoxime systems, reactions (1) were found
to be followed by the analogous but much slower displacement
of 4NP–O− from the resulting monosubstituted products. In these
instances, the kobs values pertaining to the first substitution process
were obtained by recording the increase in absorbance at kmax of
4NP–O−— where the buffer species at hand do not absorb—as a
function of time up to only 50% of the release of the first mole of
this anion. In this way, excellent first-order kinetics were obtained
with the kobs values fitting eqn (3) nicely (Fig. S3†). No detailed
kinetic investigation of the release of the second mole of 4NP–O−


has been made.
The various second-order rate constants kOx derived from eqn (3)


in aqueous and 30 : 70 (v/v) H2O–Me2SO are collected in
Table 2. Also given in this table are the rate constants kOH for
monosubstitution of BNPMP and BNPPP by hydroxide solutions
(10−3–10−2 mol dm−3) in the two media.


Reactions of oximates with DFP, sarin and soman. The decom-
position of the three organophosphorus esters GB, GD and DFP
proceeds according to reactions (2) with no significant changes
in the UV–visible absorbance, precluding a kinetic investigation
of this process by conventional spectrophotometric procedures.
The kinetics of reactions (2) were therefore studied by monitoring


the increase in the concentration of the expelled fluoride ion by
means of a potentiometric cell involving a fluoride ion selective
electrode.30,41–43 All details pertaining to this potentiometric tech-
nique, that we have adapted for the investigation of relatively fast
kinetic processes (t1/2 ≈ 30 s), have been previously reported,
together with examples of its successful application to various
types of reactions.41 These include preliminary experiments re-
garding the decomposition of DFP in 2-pyridiniumaldoximate (7)
buffers. In this instance, two different experimental approaches
have been used, carrying out the reactions under common pseudo-
first-order conditions in various 2-PAM 1 : 1 buffers, i.e. [DFP] =
10−3 mol dm−3, [Ox−] = 2–6 × 10−2 mol dm−3, I = 0.16 mol dm−3


NaCl or at constant pH in external non-nucleophilic HEPES
(pH = 7.49) or TAPS (pH = 8.30) buffers in order to achieve
the decomposition in the presence of lower concentrations of the
oximate reagents. These two approaches were found to afford
similar values for the related k2-PAM rate constant, i.e. k2-PAM =
0.16 dm3 mol−1 s−1, for the oximate buffering approach, k2-PAM =
0.14 dm3 mol−1 s−1 for the external buffer approach. Interestingly,
these values compared well with that previously determined by
Ashani and Cohen for the 2-PAM-DFP system, i.e. k2-PAM =
0.18 dm3 mol−1 s−1.30


The above successful potentiometric approach led us to use the
same methodology to investigate the kinetics of decomposition
of sarin and soman by oximates. Because these two organophos-
phorus esters decomposed in the range of a minute or less in
most buffer solutions made up from the oximates themselves
(0.01–0.10 mol dm−3), all reactions (2) involving these two esters
have been investigated with the external buffer procedure. For
maximum consistency this approach has also been favored, using
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Table 2 Second-order rate constants for nucleophilic substitution of BNPMP and BNPPP by oximates in aqueous and 30 : 70 (v/v) H2O–Me2SO
solution at T = 25 ◦Ca


H2O 30 : 70 (v/v) H2O–Me2SO


BNPMP BNPPP BNPMP BNPPP


Oxime kox/dm3 mol−1 s−1 kox/dm3 mol−1 s−1 kox/dm3 mol−1 s−1 kox/dm3 mol−1 s−1


3 4.5 6.5 37 30
4 8.4 11.4 89 51


33.2 51.0 — 215
5 9.2 12.4 92 103


16.6 20.0 190 224
6 9.9 16.7 — 160


26.2 39.4 — 380
7 11.1 14.3; 18.7 102 120
1b 6.3 11.5 — 91
8 10.1 19.0 145 180
1c 9.8 16.8 — 250
9 9.2 20.8 205 250
1d 9.8 20.6 260 240
10 — — 330 470
11 20.1 26.0 900 550
12 15.0 19.8 800 270
13 21.0 14.2 855 265
14 18.1 14.7 760 240
OH− 26.4 30.3 1350 290


a I = 0.1 mol dm−3 KCl in water; I = 0.5 mol dm−3 NMe4Cl in 30 : 70 (v/v) H2O–Me2SO.


mainly monoximate species, for the DFP reactions. As illustrated
by Fig. 2 and 3, which refer to experiments performed with
the sarin-2-PAM-HEPES and soman-CEB1574-TAPS systems,
respectively, as well as by Fig. S4† which refers to the soman-
2-PAM-HEPES system, nice first-order kinetics were obtained in
carrying out the decomposition of the esters under the following
experimental conditions: [ester] = 10−3mol dm−3; total oxime
concentration [Ox]0 = 2–8 × 10−3 mol dm−3; pH = 7.49 or 8.30,
as maintained by 1 : 1 HEPES or TAPS buffers with a total buffer
concentration of 0.1 mol dm−3; I = 0.16 mol dm−3 (NaCl).


Fig. 2 Oscilloscope trace illustrating the first-order decomposition of
sarin by the 2-pyridiniumaldoxime 7 at pH = 7.49 in a 1 : 1 HEPES buffer,
as derived from a potentiometric monitoring of the resulting increase in
the F− concentration. See text.


Fig. 3 Oscilloscope trace illustrating the first order decomposition of
soman by the oxime 8 (CEB 1574) at pH = 8.30 in a 1 : 1 TAPS buffer, as
derived from a potentiometric monitoring of the resulting increase in the
F− concentration. See text.


Neglecting in a first approximation the contribution of hydrox-
ide ion as well as of water to the decomposition process at the pH
at hand the expected reaction rate law may be written as:


d[F−]
dt


= kOx−[Ox−][ester] (4)


where the concentration of the reactive oximate species at time t
is given by the equation:


[Ox−] = [Ox]0 − x
1 + 10pKOx


a −pH
(5)
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In this equation, [Ox]0 is the total concentration of the oxime
introduced in the solution and x, the concentration of the fluoride
ion generated by the reaction at time t, i.e. we have x = [F−]tot −
[F−]0 with an initial F− concentration [F−]0 = 10−4 mol dm−3 and
[F−]tot at time t as given by eqn (6).41 E is the potential of the cell
measured at time t, D a constant deduced from the calibration of
the cell and � the Faraday constant.41


[F−]tot = 10((E − D)�)/(2.303RT) (6)


kox
.t = 1 + 10(pKox


a −pH)


[Ox]0 − C0


In
C0( [Ox]0 − x)
(C0 − x)[Ox]0


= Z (7)


Integration of eqn (4) then leads to eqn (7) which predicts that
a plot of the right side term, denoted Z for simplicity, versus
time should afford a straight line passing through the origin.
As illustrated by Fig. 4 which refers to the sarin and soman 2-
PAM-HEPES systems, as well as by Fig. S5,† which refers to the
DFP-2-PAM-HEPES system, plots of Z versus t corresponding
to the various experiments carried out with the series of oximates
studied were in fact all linear with zero intercepts, allowing a
straightforward determination of the corresponding kox values
from the slopes of these plots.41 For a given phosphorus ester
oximate system, very consistent kox values were derived from
experiments carried out with different total concentrations of the
oximes (Table S1†).


In the case of the decomposition of DFP, the rate constants
kox for R-744 (2), HI-6 (3) and 2-PAM (7) systems have also been
determined through experiments conducted in oximate buffers.


d[F−]
dt


= kOx[Ox−][DFP] = kobs[DFP] (8)


In agreement with the rate law of eqn (8), plots of the observed
first-order rate constants kobs versus the oximate concentration
were linear with zero intercepts as shown in Fig. S6† for the
decomposition of DFP in 1 : 1 HI6 buffers. The second-order
rate constants kox derived from these measurements, e.g. kHI6 =


Fig. 4 Graphs according to eqn (7) illustrating the decomposition
of sarin and soman in an external HEPES buffer, containing total
pyridinealdoxime (7) concentrations of 2 × 10−3 and 4 × 10−3 mol dm−3,
respectively (pH = 7.49; T = 25 ◦C).


0.059 dm3 mol−1 s−1 agreed very well with those obtained with the
external buffer methodology, e.g. kHI6 = 0.062 dm3 mol−1 s−1.


The various second-order rate constants kox pertaining to the
decomposition of sarin, soman and DFP by oximates at 25 ◦C in
aqueous solution are collected in Table 3. All kinetic data obtained
for reactions (1) and (2) in aqueous solution are displayed in the
form of Brønsted-type nucleophilicity plots in Fig. 5–8.


Discussion


Oximate reactivity


As can be seen in Fig. 5–8, all Brønsted-type nucleophilicity plots
pertaining to the five phosphorus compounds studied reveal a
clear tendency of the reactivity of oximates to suffer a saturation


Table 3 Rate constants for nucleophilic substitution of sarin, soman and DFP by oximates in aqueous solution


Sarin Soman DFP


Oxime pKH2 O
a kOx/dm3 mol−1 s−1 kOx/dm3 mol−1 s−1 kOx/dm3 mol−1 s−1


1a 6.54 0.32 0.14 —
2 6.98 — 0.25 0.050
3 7.13 1.47 0.43 0.062; 0.059b


4 7.33 2.39 — 0.125
9.02 20.20 — 1.000


5 7.46 — — 0.13c


8.17 — — 0.30c


7 7.75 4.75; 2.00d 1.42 0.14; 0.18c


6 7.79 5.90 1.65 0.25; 0.32c


8.55 10.05 3.60 0.40; 0.53c


8 8.05 8.00 2.20 0.30
9 8.27 6.45; 6.33d — —
1d 8.30 5.00; 4.16d 1.90 0.28
11 9.30 8.80; 6.83d 4.35 0.60
12 9.55 13.40 5.59 0.64
13 9.85 14.70; 28.00d 5.50 0.64
14 9.95 13.10; 16.50d — —
OH− 15.74 23.70e; 27.50f 10.15f 0.31e


a T = 25 ◦C, I = 0.16 mol dm−3 KCl, kOx derived from the external buffer approach, unless otherwise stated (see text); the quoted kOx values are the
average of two or three determinations (see Table S1†). b kOx derived from the oximate buffer approach. c Ref. 30. d Ref. 29. e Ref. 28. f Ref. 31.
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Fig. 5 Statistically corrected Brønsted-type nucleophilicity plot for the
reactions of the oximates with BNPMP at 25 ◦C in aqueous solution (k in
dm3 mol−1 s−1). See Chart 1 for the structures of oximates.


Fig. 6 Statistically corrected Brønsted-type nucleophilicity plot for the
reaction of the oximates (�, this work) and phenoxide ions (�, ref. 40)
with BNPPP at 25 ◦C in aqueous solution (k in dm3 mol−1 s−1). See Chart
1 for the structures of the oximates.


Fig. 7 Brønsted-type nucleophilicity plots for the reactions of oximates
with sarin (graph A, right Y axis) and soman (graph B, left Y axis) at
25 ◦C in aqueous solution (k in dm3 mol−1s−1). The structures of oximates
are given in Chart 1. The lower line refers to the reactions of phenoxides
with sarin (left Y axis, ref. 27).


effect with increasing basicity. In the case of the two model
phosphonates, BNPMP and BNPPP, as well as the three toxic
esters, GB, GD and DFP, this behaviour is reflected by a levelling
of at pKa


Ox ≈ 9. Interestingly, a more dramatic situation is observed


in the bis (4-nitrophenyl)phenylphosphonate (BNPPP) system. In
this instance, the reactivity is characterized by a bell-shaped profile
where the attainment of maximum reactivity is followed by a clear
decrease in rate at pKa


Ox > 9.
So far, the finding that the reactivity of oximates can be subject


to a saturation effect has been firmly established only for reactions
occurring at electrophilic carbon centers,9,10,12,13 e.g. Fig. 1. The
present discovery that such a behaviour also holds for reactions at
electrophilic phosphorus centers is therefore of major significance,
suggesting in fact that the occurrence of curvature in the Brønsted
plots of Fig. 1 and Fig. 5–8 is the reflection of an intrinsic property
of the oximate functionality. In this regard, it is intriguing that
such a levelling off behaviour has not emerged from earlier studies
of the decomposition of organophosphorus esters by oximates in
aqueous solution.27–31 Monitoring by titration the production of
acid (HF) associated with the reactions, Green and Saville reported
in 1956 a thorough kinetic investigation of the decomposition
of sarin (GB) by a series of oximates of different basicities and
noted that there was surprisingly little change in reactivity with
varying the oximate structure.29 Even though the agreement is
far from being perfect, the results of these authors conform in
fact rather well to the curvilinear Brønsted correlation built on
the basis of our data, confirming in particular the levelling off
observed at pKa ≥ 9 (see Table 3). On the other hand, Ashani
and Cohen have investigated the decomposition of DFP by a
large set of pyridinium and structurally related aldoximates (see
structures in Chart 2) but they failed to correlate their kinetic data
in terms of a meaningful Brønsted plot.30 Again, a re-analysis of
these data on the basis of statistically corrected rate constants and
pKa


Ox values for the dioxime reagents leads to a nice fit with the
curvilinear behaviour depicted in Fig. 8. Thus, the reactivity of
the moderately basic oximates (pKa ≤ 8) defines a linear Brønsted
plot with a slope, bnuc = 0.65, which is intermediate between those
associated in the same pKa


Ox range to the correlations pertaining
to the decomposition of BNPMP and BNPPP (bnuc = 0.45) and
to that of sarin and soman on the other hand (bnuc = 0.75–0.80).
Furthermore, the reactivity of the most basic oximates toward


Chart 2
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Fig. 8 Brønsted-type nucleophilicity plot for the reaction of oximates with DFP at 25 ◦C in aqueous solution (k in dm3 mol−1 s−1). The structures of
oximates are given in Chart 1 and Chart 2. (�) Data obtained in this work; (�) data from ref. 30.


DFP is clearly subject to a saturation effect, as it does for the
other systems.


Returning to the bnuc values, it is noteworthy that they vary
so much within our family of phosphorus electrophiles. Since
the magnitude of bnuc is commonly recognized as a measure of
the extent of bond formation between the nucleophile and the
substrate in the transition state of the rate determining step,
it follows that the TS stabilizing effect must be smaller for the
BNPMP and BNPPP systems, which involve the departure of a
4NP–O− ion, than for the DFP, sarin and soman systems, which
involve the departure of a F− ion.2 Interestingly, previous studies
by Um et al., have emphasized that bnuc is also very dependent of
the nature of the electrophilic center.2,11


Oximate vs. phenoxide reactivity


Confirming the generality of the behaviour emphasized in previous
studies of acyl group transfers, e.g. the PNPA reactions in
Fig. 1,9,10,12,13 a most important feature emerging from Fig. 5–8 is
that, for a given phosphorus electrophile, the reactivity of oximates
tends to level off much more rapidly than that of phenoxide ions.
Using the sarin system as a reference, the Brønsted correlation
of oximates is seen to define a limiting reactivity at pKa ≥ 9–9.5.
At the same time no significant curvature can be detected up to
pKa ≈ 10.5 in the corresponding correlation for phenoxide ions,
in accord with previous reports that it is only for pKa > 11–12
that normal oxyanions like phenoxide or alkoxide anions display
a levelling off behaviour.14,17 In this regard, however, an interesting
situation is the one depicted in Fig. 6 which refers to the BNPPP
system. In this instance, the levelling off observed in the reactivity
of oximates at pKa ≈ 9 is followed by a decrease in rate at higher
pKa. Significantly, the Brønsted plot describing the reactivity of
phenoxides with BNPPP has been previously found to curve earlier
(pKa ≈ 9.5–10) than usually found for these normal oxyanions
(pKa > 11–12).16,17,44 In this particular system, it is possible that


the presence of the phenyl group induces a greater steric hindrance
to the approach of the most basic and therefore more solvated
oximate or phenoxide nucleophiles to the phosphorus center, as
compared with the methyl group in the related BNPMP system.


To be noted is that the decreasing oximate reactivity at pKa
Ox >


9 in Fig. 6 corresponds to a negative bnuc value. So far, there is
only one major precedent for negative bnuc values, as reported by
Jencks and also referring to reactions at a phosphorus center,
i.e. for substituted quinuclidines reacting with a series of p-
nitrophenylphosphates.16 A last message from Fig. 5–8 is that there
is no significant difference up to pKa ≈ 9 in the development
of curvature in the correlations pertaining to the reactions of
oximates with sarin, soman and DFP on the one hand, BNPMP
and BNPPP on the other hand. This suggests that the nature of
the leaving group, F− or 4NP–O−, is not here a predominant factor
determining the extent of the levelling off, at least up to pKa ≈ 9. In
view of the very different pKa values for these two leaving anions
(3.45 and 7.15, respectively), this result is very important since it
supports the idea that the observed non-linearity of the Brønsted
plots cannot be the reflection of a change in the rate-limiting step
of the substitutions.14


Imbalanced transition states


We have previously suggested that the observation of curvature
in the Brønsted-type nucleophilicity plots for the reactions of
oximates with esters could be reasonably accounted for in terms
of an earlier proposal by Jencks and Hupe that strongly hydrogen-
bonded species like oxyanions must undergo some desolvation
prior to being involved in nucleophilic attacks.9,16,19,44 Such de-
solvation will occur ahead of bond formation in the transition
state and will become energetically more expensive with increasing
basicity, simply because solvation is usually stronger for most basic
anions.39,40,46 This will decrease the reactivity of basic nucleophiles,
accounting for the observed curvature in the Brönted plots. This
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lack of synchronization between desolvation and bond formation
has frequently been called an “imbalance”.16,21,45


This explanation can be visualized as follows. Using the straight
Brønsted lines of slope bnuc defined by the points at low pKa as
references, and assuming that the desolvation of the basic reagents
occurs in an equilibrium step (Kd < 1) which precedes nucleophilic
attack (eqn 9), curved Brønsted plots will be the reflection of
negative deviations of the points at high basicity that may be
expressed by eqn (10).


RO−
solv


Kd−−−−−⇀↽−−−−− RO−
des


Electrophile−−−−−−→kRO
[ ]# (9)


Dlog(kRO) = (1 − bnuc)logKd (10)


The accumulated evidence, however, is that it is more appro-
priate to view the situation in term of a more sophisticated but
more general model which has been the subject of considerable
discussion in the context of the imbalances encountered in proton
transfer reactions on carbon atoms.10,21,45–47 Instead of assuming
that desolvation and bond formation occur in two different steps,
this model considers that the two events take place in the same step
but that desolvation has progressed further than bond formation
in the transition state. Then, the decrease in log(kRO) is described
by an equation of the form:


Dlog(kRO) = (ades − bnuc)logKd (11)


where 1 ≥ ades ≥ 0 measures the progress of desolvation in the
transition state. If desolvation is ahead of bond formation, we
have ades > bnuc so that Dlog (kRO) is again negative. For ades ≈
1, the situation corresponds to a total decoupling of the two
events, as depicted by Jencks’ model. Importantly, eqn (10) and
(11) deliver the same important message, i.e. that for curvature
to be generated by solvation effects in a Brønsted plot, not only
must partial desolvation of the nucleophile become energetically
more demanding with increasing pKa but this desolvation must
also occur ahead of bond formation, that is: ades − bnuc > 0.16,21,44–47


Based on eqn (11), two different explanations can be suggested
to account for the differences observed in the Brønsted behaviour
of oximate (Ox) and phenoxide (ArO) reactions.


(1) Desolvation has progressed similarly in the transition states
for oximate and phenoxide reactions, i.e. aOx


des = aArO
des . Since bnuc is


found to be essentially the same for a given electrophile reacting
with oximates and phenoxides (see Fig. 1, 6 and 7) the desolvation
of oximates must be significantly more difficult than that of
phenoxides to account for the more rapid appearance of curvature
in the Brønsted plots for oximate ions. The situation is qualitatively
the same as that suggested by Jencks’ model for a complete
decoupling of the desolvation and bond formation steps.


(2) The Kd values are similar for similarly basic phenoxide and
oximate species. In this case, the magnitude of the deviation from
the Brønsted plot drawn at low pKa will depend on the (ades −
bnuc) term. Then, the more rapid levelling off in the reactivity
of oximates implies aOx


des > aArO
des , i.e. the Brønsted behaviour of


oximates is the reflection of greater solvational imbalances in
the related transition states as compared with the situation for
phenoxide reactions.


That the latter situation prevails in our system can be demon-
strated by comparing the changes in acidity suffered by oximes
and phenols on going from water to 30 : 70 (v/v) H2O–Me2SO.


Solvent effects on pKOx
a and pKArOH


a


Due to their poor ability to provide hydrogen-bond solvation,
dipolar aprotic solvents are known to strongly destabilize anionic
species with a localized or relatively localized negative charge as
compared to protic solvents.48,49 In accord with this idea, the
acidity of oxygen acids like carboxylic acids and phenols has
been reported to decrease markedly upon addition of increasing
amounts of Me2SO to aqueous solutions.39,40,46,50 Consistent with
these findings, Table 1 shows that the acidity of all oximes 1–14
also decreases with increasing Me2SO content of H2O–Me2SO
mixtures. However, a close inspection of the pKa variations in
Table 1 reveals two significant features: (1) a phenol and an
oxime of similar pKH2O


a values undergo comparable changes in
acidity on transfer to Me2SO-rich solutions; (2) the solvent effect
on the acidity of the two functionalities is a function of the
acidity measured in aqueous solution, becoming more and more
important with increasing pKH2O


a, as previously observed and
discussed in detail by Bernasconi for carboxylate ions.46,47 Thus,
for the change from H2O to 70% Me2SO, we have the following
decreases in acidity, as measured by DpKa = pK70%


a − pKH2O
a


values: DpKa = 1.43 for 2,4-dichlorophenol (pKH2O
a = 7.65) vs.


DpKa = 1.62 for the oxime 1b (pKH2O
a = 7.74); DpKa = 2.17 for


4-chlorophenol (pKH2O
a = 9.35) vs. DpKa = 2.12 for the oxime


10 (pKH2O
a = 9.20); DpKa = 2.59 for 3-methoxyphenol (pKH2O


a =
9.65) vs. DpKa = 2.85 for the oxime 12 (pKH2O


a = 9.55) and DpKa =
3.11 for the oxime 13 (pKH2O


a = 9.85).
In as much as they are primarily the reflection of the desolvation


of phenoxide or oximate functionalities caused by the addition
of Me2SO to aqueous solutions,48–50 the above DpKa values may
be considered as being a good index of the relative degrees of
solvation of the ArO− or Ox− anions in aqueous solutions. Then,
the regular increase in DpKa with increasing pKH2O


a fits well with
Jencks and Hupe’s proposal that desolvation requirements in the
transition states of nucleophilic substitution processes become
energetically more expensive when the basicity of the nucleophile
is increased.16,17,44 In contrast, the fact that the DpKa values
measuring the solvent effect are roughly similar for oximates and
phenoxides of similar basicities in aqueous solution is difficult to
reconcile with the idea that the more rapid appearance of curvature
in the Brønsted plots for oximates is the reflection of more
unfavourable energetics of partial desolvation of these species in
the related transition states as compared with the situation for
phenoxide reactions. Hence, the above suggestion that the oximate
reactions proceed through strongly imbalanced transition states in
aqueous solution is reinforced.


Solvent effect on rates


The fact that the addition of Me2SO decreases the solvation of
oxyanions also suggested that desolvation requirements should
become less and less important in determining the reactivity of
these species on going from H2O to Me2SO-rich solvents. On this
ground, one could reasonably expect that the curvature of the
Brønsted plots will be attenuated or will even disappear in solvents
of high Me2SO content. As a matter of fact, we have recently
reported a study of the PNPA-oximates reactions, going from
water to 70 : 30 (v/v) H2O–Me2SO, 30 : 70 (v/v) H2O–Me2SO
and 20 : 80 (v/v) H2O–Me2SO. While the characteristic levelling
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off in reactivity seen in water is still present in 70 : 30 (v/v) H2O–
Me2SO, a dramatic change in behaviour was observed on going to
the two Me2SO-rich solutions where the Brønsted correlation has
become linear once again, as found for the weakly basic oximates
in aqueous solution.19


Fig. 9 shows the Brønsted plots describing the reactivity of
oximates with BNPMP and BNPPP in 30 : 70 (v/v) H2O–
Me2SO. Even though the points for the two most basic oximates
employed suggest that some curvature starts to develop at pKa ≥
13, it is clear that the effect of going from water to 70% Me2SO
is to largely restore the linearity of the correlation pertaining to
the BNPMP reactions. As pointed out for the PNPA systems, the
metamorphosis can be explained as follows. Being less solvated
in Me2SO-rich media, the ground state of the oxyanions is
now more prone for nucleophilic attack. This avoids the need
for an energetically costly additional desolvation prior to bond
formation, thereby reducing the non-synchronicity between the
two events, as found in aqueous solution.19


Fig. 9 Statistically corrected Brønsted-type nucleophilicity plots for the
reactions of oximates with BNPMP and BNPPP at 25 ◦C in 30% H2O–70%
Me2SO; k in dm3 mol−1 s−1. See Chart 1 for identification of the oximate
species.


Contrasting with the BNPMP system, the solvent transfer does
not lead to the recovery of an extended linear correlation for the
BNPPP reactions. This behaviour follows the more pronounced
decrease in reactivity observed at high pKa in aqueous solution
(Fig. 6) and the idea that the presence of the phenyl group induces
a greater steric hindrance to the approach of a nucleophile to the
phosphorus center, as compared to a methyl group (vide supra).
The most basic oximates being the most solvated, the need for
desolvation of these species prior to nucleophilic attack would
then be greater and therefore more energetically costly in the case
of BNPPP than BNPMP. This would account for the observed
decrease in reactivity of BNPPP at high pKa in water and the
greatest difficulty to restore a normal behaviour in 70% Me2SO.


Conclusion—relevance to detoxification of organophosphorus
esters


As a first major consequence of the levelling off observed in Fig. 5–
8, the gain in reactivity reflecting the related a-nucleophile char-
acter of the oximate functionality in aqueous solution decreases


Table 4 The effect of basicity on the exalted a-reactivity of oximates
towards sarin and BNPPP in aqueous solution


Oxime pKH2 O
a


kox/kArO


Sarin BNPPP


3 (HI-6) 7.13 80 70
7 (2-PAM) 7.75 80 50
1d (MINA) 8.30 50 31
11 (DAM) 9.30 22 10
12 (4-PAD) 9.55 25 7
13 (2-PAD) 9.85 12 4.6


regularly with increasing pKa in the series. Table 4 presents the
a-effects calculated by comparing the reactivity of a few oximates
of increasing pKa’s with that of similarly basic phenoxide ions in
the case of the sarin and BNPPP systems. As can be seen, the
enhanced reactivity factor, kox/kArO, decreases progressively from
about 70–80 for the two systems in the low pKa region to about 10
for sarin and 5 for BNPPP at high pKa.


Overall the experimental evidence leaves no doubt that the
levelling off in reactivity of the most basic oximates is an intrinsic
property of the oximate functionality. As a result, it is evident
that consideration of the efficiency of oximates as nucleophilic
decontaminating catalysts will need to take cognizance of this
saturation effect since any advantage which one would normally
expect to accrue in using highly basic oximates tends to nullify in
aqueous solution for pKa > 8–9.


Experimental


Materials


All the oxime and phenol precursors of the nucleophiles used
in this work were available from previous studies and were
recrystallized from methanol or hexane before use.9,10,19,20 The
phosphonates BNPMP and BNPPP were prepared according to
literature methods.5,51 Sarin, soman and DFP were provided by the
Centre d’Etude du Bouchet and used without further purification.
Dimethylsulfoxide was refluxed over calcium hydride and distilled,
and the fraction of 32–35 ◦C (under 2 mmHg) was collected and
stored under nitrogen. Me2SO–water solutions were prepared as
described previously.10 Only freshly prepared solutions were used
in the kinetic and potentiometric studies.


Acidity measurements


The unknown acidity constants (pKa) of the monoximes 1a–1d, 3,
10 and 14 in 70 : 30 (v/v) H2O–Me2SO, 50 : 50 (v/v) H2O–Me2SO
and 30 : 70 H2O–Me2SO were measured by potentiometry at 25 ◦C,
using a procedure previously employed for the determination of
the pKa’s of carboxylic acids, phenols and a number of nitrogen
acids in the same solvent mixtures.39,40 Thus the pKa1 values were
determined from buffer solutions with [Ox−]–[OxH] ratios equal to
1 : 2, 1 : 1, 2 : 1. These solutions were prepared so that the molarity
of the oximate species was in all cases equal to 0.01 mol dm−3. The
ionic strength was maintained constant at 0.5 mol dm−3 by adding
NMe4Cl in H2O–Me2SO mixtures. Under these experimental
conditions, the pKa1 values at the corresponding ionic strength
were in each solvent obtained from the measured pH values of the
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buffers by means of eqn (12). Calibration of the cell used to obtain
the pH measurements was carried out as previously described.39


pKa = pH − log
[Ox−]
[OxH]


(12)


The pKa1 and pKa2 values for ionization of the three dicationic
dioximes 4, 5 and 6 (OxH2) were too close to be independently
determined in a similar way. For a reliable determination of these
pKa’s, potentiometric titrations of 0.01 mol dm−3 solutions of the
dioximes in the H2O–Me2SO mixtures at hand by a 0.1 mol dm−3


NMe4OH solution in the same solvent mixture were carried out
at T = 25 ◦C and I = 0.5 mol dm−3, following the same procedure
successfully employed in aqueous solution.10 Then, the pKa1 and
pKa2 values were readily derived from the titration data according
to the Speakman equation.52


Kinetic measurements


The potentiometric method used to determine the kinetics of
the sarin, soman and DFP reactions according to eqn (2) by
monitoring the appearance of F− under the various experimental
conditions described in the text has been presented in detail else-
where with particular illustrations taken from the DFP systems.41


Spectrophotometric determinations of the rates of decomposition
of the phosphonates PNPMP and PNPPP according to eqn (1)
were carried out under pseudo-first-order conditions with excess
buffer base (10−3–10−2 mol dm−3) over the ester concentration
(≈5 × 10−5 mol dm−3) and at constant ionic strength (I =
0.1 mol dm−3 KCl in H2O, I = 0.5 mol dm−3 NMe4Cl in 30 :
70 (v/v) H2O–Me2SO). Measurements were made by monitoring
the appearance of the resulting 4-nitrophenoxide ion (4NP–O−) at
the wavelengths found to be the most appropriate for minimizing
interference between the UV–vis spectrum of this anion and that
of the relevant oximate buffers, i.e. in the 410–440 nm region. For
a given buffer, at least six values of the base reagent were employed
at constant pH and each individual experiment was performed in
triplicate. Apart from the three pyridinealdoxime systems (12–14),
excellent first-order kinetics up to 90% of the total release of 1
equiv of 4NP–O− were obtained (see Fig. S1 and S2†). In the three
pyridinealdoxime systems, reactions (1) were found to be followed
by a much slower displacement of 4NP–O− originating from the
decomposition of the resulting monosubstituted phosphonate.
However, in these instances, where there is no overlap in the UV–
visible absorption of the p-nitrophenoxide ion and the buffer acid
or base species, nice first order behaviour was found to prevail up
to 50% of release of the first mole of 4NP–O− (see text and Fig.
S3†).


In the case of the three dioxime systems (4, 5, 6), the reactivity
of the mono- and dioximate was assessed independently, first at
low pH with [OxH−]–[OxH2] ratios of 1 : 4 or 1 : 3 to minimize
the contribution of the dioximate base and then at high pH,
working with [Ox=]–[OxH−] ratios of 3 : 1 or 4 : 1 to maximize the
contribution of the dioximate base, and then analyzing the data
as previously described for other reactions.
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An operationally simple and entirely green protocol for
heteropoly acid (10 mg) catalyst conjugate addition of indoles
and pyrrole to unsaturated carbonyl compounds and nitro-
alkene in water at ambient temperature in good to excellent
yields has been developed.


Heteropolyacids (HPAs) are environmentally-friendly and eco-
nomically feasible solid acid catalysts


owing to their high catalytic activities and reactivating power,
ease of handling, cleaner reactions in comparison to conventional
catalysts (less waste production), non-toxicity and experimental
simplicity. The catalytic application of solid acids as efficient
heterogeneous catalysts has been demonstrated, both by successful
large-scale applications in industry and by promising laboratory
results.1


On the other hand, the development of water as a green media
for organic synthesis has become an important research area.
Other than the economical and environmental benefits of using
water, it may exhibit unique reactivity and selectivity in compari-
son with conventional organic solvents. Thus, the development of
novel reactivity, as well as selectivity, that cannot be attained in
conventional organic solvents is one of the challenging goals of
water chemistry.2


Indole and many of its derivatives are present in many sub-
stances commonly found in nature,3 as well as in many compounds
that show pharmacological and biological activities.4 Thus, the
development of a new, efficient, selective and green synthetic
method for the preparation of 3-substituted indole derivatives has
attracted much attention in recent years. A variety of methods
have been explored for the Michael addition reaction of indoles
and pyrroles with a,b-unsaturated ketones in the presence of
protic or Lewis acids for the preparation of substituted indoles
and pyrroles.5 MacMillan was also reported the enantioselective
Friedel–Crafts alkylation of pyrroles.6 However, many of these
procedures involved strong acidic conditions, expensive reagents,
longer reaction times, low yields of products and uneasy handling.
While most Michael addition reactions are performed in organic
solvents, Michael additions in water are relatively scarce. Further-
more, to the best of our knowledge, few reports about conjugate
indole addition with steric hindrance enones, such as chalcone,
have been reported in the literature.7
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In continuation of our research interest for developing green or-
ganic chemistry by using water as reaction media or by performing
organic transformations under solvent-free conditions,8 herein, we
wish to report a novel catalytic system that is quite effective and
entirely green procedure for the Michael-type addition of indol,
N-methyl indol, and pyrrole to a,b-unsaturated compounds in
water and in the presence of heteropoly acids (Scheme 1). First,
we decided to focus on the catalytic activity-screening study of
conjugate indole addition with methyl vinyl ketone in water at
room temperature. Interestingly, the Michael addition between
indole and methyl vinyl ketone in the presence of catalysts, such
as CeCle3·7H2O, FeCl3·6H2O, ZrCl4, WCl6 and H3PO4, proceeded
efficiently, furnishing moderate to excellent yields of the desired
products in water (Table 1). Unlike the conventional Lewis acid-
catalyzed reactions, heteropoly acids such as H3PMo12O40 and


Scheme 1


Table 1 Reaction of indole and methyl vinyl ketone in water with various
catalysts


Entry Catalyst (mol%) Time/h Yield (%)


1 — 24 20
2 CeCl3·7H2O (3) 24 50
3 CeCl3·7H2O (30) 8 80
4 MgClO4·5H2O (6) 24 0
5 ZrCl4 (10) 2 100
6 FeCl3·7H2O (7) 24 100
7 CuCl2.2H2O (10) 24 68
8 MnCl2·5H2O (10) 10 70
9 RuCl3.7.H2O (5) 8 78


10 VCl3 (20) 8 80
11 WCl6 (5) 2 96
12 H3PO4 (0.005)b 8 92
13 H3PMo12O40 (1) 1 68c


14 H3PMo12O40 (0.5) 0.2 100
15 H3PW12O40 (0.4) 0.2 100
16 LiClO4.3H2O (60) 24 0


a Conversion yields. b 2 ml H3PO4. c Solvent THF.
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Table 2 Reaction of chalcone with indole at various conditionsa


Entry Solvent Catalyst (10 mg) Yield (%)b


1 Water — 0
2 Water H3PMo12O40 90
3 Water H3PW12O40 85
4 EtOH H3PMo12O40 35
5 EtOH H3PW12O40 27
6 Toluene H3PMo12O40 20
7 Toluene H3PW12O40 12
8 CH3CN H3PMo12O40 76
9 CH3CN H3PW12O40 52


10 ClCH2CH2Cl H3PMo12O40 80
11 ClCH2CH2Cl H3PW12O40 58
12 Water ZrCl4 0
13 Water RuCl3 0
14 Water H2SO4 30
15 Water HClO4 70
16 Water MeSO3H 0
17 Water p-MeC6H4SO3H 50


a Reaction conditions: indole (1 mmol), Chalcone (1 mmol), HPA (10 mg)
and solvent (3 ml). b Isolated yield.


H3PW12O40 in water were also effective in this reaction and showed
high catalytic activity in a short reaction time.


A literature survey reveals that there are few reports on
the reaction of chalcone with indoles in water. Therefore, we
were particularly interested in the use of chalcone, which reacts
sluggishly with indoles in the presence of common catalysts. So, we
extended our studies by investigating the Friedel–Crafts alkylation
between indole and chalcone in water and other organic solvents,
using different catalysts (Table 2).


The reactions worked well in water, CH3CN and ClCH2CH2Cl
at room temperature, whereas in THF, PhMe, EtOH very low
yields of the product were obtained. When MnCl2, RuCl3, ZrCl4,
H2SO4 and MeSO3H were used as a catalyst in water, no Michael
adducts were detected, but in the presence of HClO4 and p-
toluenesulfonic acid (TsOH) moderate yields were obtained in wa-
ter. In addition, H3PMo12O40 has been compared with H3PW12O40


and we found the same results for both of these heteropoly acids
for the above reaction in water.


Encouraged by the remarkable results obtained with indole
and chalcone, a variety of substituted indoles and electron
deficient compounds were tested using this new Friedel–Crafts
alkylation method. The results clearly demonstrate that HPA
is an excellent catalyst for this reaction in water (Table 3). By
using substituted indoles such as N-methylindole, 2-methylindole
and 5-bromoindole, good to excellent yields were obtained. The
substituents did not affect the reactivity of indoles significantly.
The only significant difference in reactivity was observed for
N-methylindole, which gives a higher yield in comparison with
indole. With regard to Michael acceptors, the reactions proceeded
smoothly with electron-deficient olefins such as methyl vinyl
ketone, chalcone, chlorochalcone and b-nitrostyrene to afford the


Table 3 HPA-Catalyzed Michael addition of various substrates in water


Michael acceptor Products


Entry Indole Catalysts Time/h Yields (%)a


1 X=H, R=H H3PW12O40 0.3 97b


2 X=H, R=H H3PMo12O40 0.3 97
3 X=Br, R=H H3PW12O40 1 97b


4 X=Br, R=H H3PMo12O40 1 97
5 X=H, R=CH3 H3PW12O40 0.2 97b


6 X=H, R=CH3 H3PMo12O40 0.2 97


7 X=H, R=H H3PW12O40 18 90
8 X=H, R=H H3PMo12O40 18 85
9 X=H, R=CH3 H3PW12O40 12 95


10 X=H, R=CH3 H3PMo12O40 12 93
11 X=Br, R=H H3PW12O40 18 78
12 X=Br, R=H H3PMo12O40 18 80


13 X=H, R=H H3PW12O40 18 76c


14 X=H, R=H H3PMo12O40 18 80c


15 X=H, R=CH3 H3PW12O40 18 83
16 X=H, R=CH3 H3PMo12O40 18 89


17 X=H, R=H H3PW12O40 18 82
18 X=H, R=H H3PMo12O40 18 86
19 X=H, R=CH3 H3PW12O40 14 90
20 X=H, R=CH3 H3PMo12O40 14 93
21 X=Br, R=H H3PW12O40 18 74
22 X=Br, R=H H3PMo12O40 18 76
23 1 95


24 H3PWO40 18 74
25 Chalcone H3PWO40 28 68


a Isolated yields. b Conversion 100%. c CH3OH as solvent


corresponding Michael adducts in good to excellent yields. In
all cases the reactions proceeded at room temperature with high
selectivity. It is important to note that products arising from 1,2-
addition were not observed under these reaction conditions. In
the case of sterically hindered and less reactive enone, such as
chalcone, the reaction proceeds smoothly with good yield. (Table 3,
entries 4 and 5). However, a,b-unsaturated esters are not suitable
substrates for Michael addition reaction of indoles under these
reaction conditions.
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Table 4 The HPA-catalyzed reaction of electron-deficient olefins with pyrrole in watera


Yield (%)a


Entry Michael acceptor Molar ratio of 7 : 8 Catalyst Time/h 9 10


1 8a 1 : 1 H3PW12O40 2 36 28
2 8a 1 : 1 H3PMo12O40 2 34 25
3 8a 1 : 2.5 H3PW12O40 8 0 82
4 8a 1 : 2.5 H3PMo12O40 8 0 86
5 8b 1 : 1 H3PW12O40 18 20 30
6 8b 1 : 1 H3PMo12O40 18 14 32
7 8b 1 : 2.5 H3PW12O40 18 8 68b


8 8b 1 : 2.5 H3PW12O40 18 12 66b


9 8c 1 : 1 H3PW12O40 18 25 30
10 8c 1 : 1 H3PMo12O40 18 20 32
11 8c 1 : 2.5 H3PMo12O40 18 10 48c


a Yields refer to pure isolated compounds. b Methanol as solvent. c 0.05 gram SDS was added.


Pyrroles also readily underwent Michael addition at a-positions
under the same reaction conditions. However, in this case, 2,5-
disubstituted pyrroles were the major products using a 1 : 1
pyrrole–reactant ratio. Any excess of the Michael acceptor resulted
in the formation of 2,5-disubstituted pyrroles in some cases
(Table 4, entries 3 and 4).


In summary, we have demonstrated a novel, highly efficient
and entirely green protocol for Friedel–Crafts alkylation of indole
and pyrrole with several electron-deficient olefins in water at
room temperature with good to excellent yields. Furthermore,
this procedure offers several advantages including the use of
green and low-loading catalyst, green solvent, improved yields,
cleaner reactions and simple experimental procedures, which make
it a useful and attractive strategy in multicomponent reactions
and combinational chemistry. In addition, easy workup has been
realized without the use of organic solvents when the products are
solid or insoluble in water. In some cases the pure products were
obtained after the evaporation of the solvent from the reaction
mixture.
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We report the synthesis and structural characterisation of a new family of stable
phosphonioalkylthiosulfate zwitterions, R3P+(CH2)nS2O3


− (R = Ph or Bu, n = 3,4,6, 8 or 10) which
behave as cationic masked thiolate ligands with applications in the functionalisation of gold
nanoparticles, having potential as new diagnostic biorecognition systems. The ligands were prepared by
treatment of x-bromoalkylphosphonium salts with sodium thiosulfate. The crystal and molecular
structures of the zwitterions (R = Ph, n = 3) and (R = Bu, n = 3) were determined. A series of
phosphonioalkanethiolate-capped gold nanoparticles dispersed in water was prepared by borohydride
reduction of potassium tetrachloroaurate in the presence of the zwitterions in a dichloromethane–water
system. UV-visible spectroscopy and scanning transmission electron-microscopy indicated that capped
nanoparticles of ca. 5 nm diameter were present.


Introduction


There is much current interest in the development of receptor-
functionalised metal and semiconductor nanoparticles which
are able to recognise and interact with specific biomolecules.
Such systems are expected to form the basis of new diagnostic
biosensor technologies and novel therapeutic agents. The most
widely studied systems are based on gold. The modification of the
surface of gold nanoparticles with various functionalised thiols
containing reporter groups makes them versatile systems and
opens a range of possibilities for the specific recognition of other
molecules, and in the design of optical sensor systems based on
the consequent modifications to the surface plasmon resonance
properties of the gold nanoparticle.1,2 However, comparatively few
such reported thiols involve a cationic head group which offers
the ability to bind negatively charged analytes. The fluorescent
ethidium thiolate (1) has been employed in the design of a gold
cluster system used to bind DNA.3 Gold nanoparticles bearing
the imidazoliumalkane thiol (2) have been shown to act as
simple colourimetric anion sensors.4 Gold nanoparticles modified
with simple alkylammonium alkanethiols have also been shown
to bind to DNA.5,6 Rotello and co-workers7 synthesised gold
nanoparticles functionalised with a mixture of octanethiol and 11-
trimethylammonium-undecanethiol, so-called mixed monolayer
protected gold clusters (MMPCs), and showed that these MMPCs
with trimethylammonium cationic head groups on the surface
can interact electrostatically and bind with the negatively charged
phosphate backbone of 37mer duplex DNA. They also studied the
ability of these MMPCs to inhibit DNA transcription in vitro, their
utilisation in gene delivery into cells and as transfection vectors.8
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bDepartment of Chemistry, The University of Southampton, Highfield,
Southampton, UK SO17 1BJ. E-mail: N.Bricklebank@shu.ac.uk


Our own interest in the chemistry of phosphonium systems
has led us to design and synthesise a family of novel phospho-
nioalkylthiosulfate ligands which can be used to functionalise
the surface of gold nanoparticles. The phosphonium moiety
offers a number of advantages including biocompatibility and
the relative ease of preparing a wide range of derivatives, e.g.,
phosphonium analogues having a fluorescent reporter head group
or phosphine oxide derivatives having the ability to form hydrogen-
bonded complexes with biomolecules. The cationic phospho-
nioalkanethiol (3) has been shown to have a remarkable ability to
pass through mitochondrial membranes and to accumulate inside
the mitochondrion, with consequent influence on the chemistry of
the host cell.9 Thiobutyltriphenylphosphonium bromide was used
successfully by Murphy et al.10 to identify changes in the redox
state of mitocondrial thiol compounds during oxidative stress.
They demonstrated that the lipophilic triphenylphosphonium
cation interacts with the negatively charged mitochondrial matrix
causing its accumulation inside the isolated mitochondria and in
mitochondria from living cells.11 These workers also detected the
formation of disulfide bonds due to reaction of the thiol groups
in the matrix with the mitochondrial protein and low-molecular
weight thiols during the oxidative stress. This showed that such
salts containing lipophilic cations can be used to determine
mitochondrial dysfunction.10–12 Thiol (3) has been prepared from
the hydrolysis of the related thioacetate salt (4) and shown to
undergo gradual oxidation in air to form the disulfide-bridged


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 4345–4351 | 4345







system (5).13 As gold-containing drugs, such as auranofin and
triethylphosphine gold(I) chloride, have demonstrated their an-
titumour effects,14 there is also an interest in the possibility of
studying the extent to which phosphonioalkanethiol-capped gold
nanoparticles might be incorporated into cells and exert new
biological effects. Here we report our studies of the synthesis
and characterisation of a family of phosphonioalkylthiosulfate
zwitterions and their in situ reaction with reduced gold salts to
form cationic-functionalised gold nanoparticles.


Results and discussion


Synthesis of phosphonioalkylthiosulfate zwitterions


The synthesis of the series of triphenyl- and tributyl-phos-
phonioalkylthiosulfate zwitterions is shown in Scheme 1. The
design of our ligands has been influenced by the work of Lukkari
et al.15 and Murray et al.16 who described the generation of
alkanethiolate-protected gold surfaces and clusters from Bunte
salts such as the sodium S-dodecylthiosulfate (6), which were
identical to those obtained directly from the use of the free thiols.
The sulfur–sulfur bond of the Bunte salt undergoes cleavage
with loss of sulfite ion as a result of the interaction with the
gold surface. Such compounds are easily prepared by treatment
of a bromoalkane with sodium thiosulfate in aqueous ethanol.
Adapting this approach, we have converted readily accessible
x-bromoalkylphosphonium salts (8) into a series of phospho-
nioalkylthiosulfate zwitterions (9A–9E, R = phenyl, n = 3, 4,
6, 8, 10; 9F, R = butyl, n = 3), which act as cationic masked thiols,


being sources of the phosphonioalkanethiolates in the synthesis
of the functionalised gold nanoparticles.


The shorter alkyl chain compounds are crystalline solids and
are soluble in polar organic solvents. In addition, the tributylphos-
phoniopropylthiosulfate (9F, R = Bu, n = 3) is also water-soluble,
making it attractive for studies in biological media.


Analytical data and electrospray mass spectrometry support the
formulation of these compounds as phosphonioalkylthiosulfate
zwitterions. When studied by ESMS in negative ion mode, all
compounds exhibited a well-defined molecular ion, whereas in
positive ion mode, an ion corresponding to M + Na was observed.
The synthesis of a trimethylphosphonium analogue of the triph-
enylphosphoniopropylthiosulfate zwitterion was also attempted
by following the same synthetic route. However, the step in-
volving treatment of the intermediate 3-bromoalkylphosphonium
salt with sodium thiosulfate resulted in the cleavage of the
trimethylphosphonium group.


Structural characterisation of phosphonioalkylthiosulfate
zwitterions


We have carried out an X-ray structural study of the triph-
enylphosphoniopropylthiosulfate (9A, R = Ph, n = 3) which
confirms the expected structure (Fig. 1). Crystal data and structure
refinement details are presented in Table 1. Selected bond lengths
and bond angles are presented in Table 2(a). There are no
intramolecular interactions between the cationic head group and
the thiosulfato group which could lead to the formation of a
quasi-7-membered cyclic structure from the electrostatic attraction
of P+ with O−. Similarly, intermolecular electrostatic effects do
not appear to dominate the way in which the dipolar units
pack in the crystal, which is rather unusual. Along the [101]
direction the individual units pack in a head to head manner
in which ‘supramolecular edge to face’ interactions17 between the
triphenylphosphonio units and possible weak C–H · · · O hydrogen
bonds (ca. 2.5 Å) seem to dominate. Along the [10−1] direction an
intermolecular ‘head to tail’ arrangement is found, whereas along
the [010] direction, the individual units associate as ‘head to tail’
dimers.


Scheme 1
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Table 1 Crystal data and structure refinement for 3-triphenylphosphoniopropylthiosulfate and 3-tributylphosphoniopropylthiosulfate


Compound 9A 9F


Empirical formula C21H21O3PS2 C15H33O3PS2


Formula weight 416.47 356.50
Crystal system Monoclinic Monoclinic
Space group P21/n P21/n
a/Å 11.6475(3) 9.0500(3)
b/Å 14.2692(3) 14.3012(4)
c/Å 12.0730(3) 15.0732(6)
b/◦ 106.561(1) 96.326(2)
Volume/Å3 1923.30(8) 1938.98(11)
Z 4 4
Dcalc/Mg m−3) 1.438 1.221
Absorption coefficient/mm−1 0.380 0.364
F(000) 872 776
Crystal Colourless block Colourless block
Crystal size/mm3 0.15 × 0.08 × 0.08 0.10 × 0.10 × 0.03
h range for data collection/◦ 3.39–25.02 3.07–25.02
Reflections collected 6267 23499
Independent reflections 3381 [Rint = 0.0434] 3406 [Rint = 0.0797]
Completeness to h = 25.02◦ 99.7% 99.7%
Max. and min. transmission 0.9924 and 0.9630 0.9892 and 0.9645
Data/restraints/parameters 3381/0/244 3406/39/194
Goodness-of-fit on F 2 1.043 1.042
Final R indices [F 2 > 2r(F 2)] R1 = 0.0416, wR2 = 0.0994 R1 = 0.0594, wR2 = 0.1487
R indices (all data) R1 = 0.0565, wR2 = 0.1068 R1 = 0.0775, wR2 = 0.1589
Largest diff. peak and hole 0.311 and −0.444 e Å−3 1.078 and −0.633 e Å−3


Fig. 1 Molecular structure of 3-triphenylphosphoniopropylthiosulfate (9A)-an ORTEP drawing with 30% probability ellipsoids.


Similarly, an X-ray structural study of the 3-tributylphos-
phoniopropylthiosulfate (9F, R = Bu, n = 3) confirmed the
expected structure (Fig. 2). Crystal data and structure refinement
details are presented in Table 1. Selected bond lengths and bond
angles are presented in Table 2(b). Fig. 3 shows possible hydrogen
bonding between C–H bonds a to the phosphonium centre and
the thiosulfato oxygen atoms which influence the packing of the
molecules in the unit cell. The structural parameters for these
hydrogen bond interactions are presented in Table 3.


Synthesis of phosphonium-monolayer protected gold clusters


Previous studies have indicated that gold nanoparticles and
colloidal gold solutions have the ability to cleave the S–S bonds


present in organic disulfides and alkylthiosulfates (6), yielding
organic thiolates which then bind to the surface of the particle.1,15,16


Consequently, we were confident that the S–S bond of the
phosphonioalkylthiosulfate zwitterions would be cleaved under
the reductive conditions used for the synthesis of the capped
nanoparticles, to form the related phosphonioalkylthiolates, e.g.,
(10), (Scheme 2). This was confirmed by sodium borohydride
reduction of the salt (9A), the resulting phosphonioalkylthiolate
being trapped with iodomethane to form the salt (11). NMR
spectroscopy and electrospray mass spectrometry supported the
formulation of this compound. When studied by MALDI TOFMS
in positive ion mode, (accurate mass analysis), an ion cor-
responding to the 3-methylthiopropylphosphonium cation was
observed.
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Table 2 Selected bond lengths [Å] and angles [◦] in 3-phosphoniopro-
pylthiosulfates


(a) 3-Triphenylphosphoniopropylthiosulfate 9A


C1–P1 1.795(2) O1–S2 1.4507(19)
C7–P1 1.792(2) O2–S2 1.4442(18)
C13–P1 1.794(2) O3–S2 1.4484(19)
C19–P1 1.805(2) S1–S2 2.1117(9)
C21–S1 1.820(3)
C20–C19–P1 115.39(17) C21–S1–S2 99.77(9)
C20–C21–S1 114.77(18) O2–S2–O3 115.11(12)
C7–P1–C1 107.97(11) O2–S2–O1 113.38(11)
C7–P1–C13 111.12(11) O3–S2–O1 113.15(12)
C1–P1–C13 110.13(11) O2–S2–S1 105.60(7)
C7–P1–C19 111.92(11) O3–S2–S1 101.20(8)
C1–P1–C19 108.79(11) O1–S2–S1 106.97(8)
C13–P1–C19 106.90(11)


(b) 3-Tributylphosphoniopropylthiosulfate 9F


P1–C9 1.796(4) S1–S2 2.1030(14)
P1–C5 1.798(3) S2–O2 1.439(3)
P1–C13 1.799(4) S2–O3 1.440(3)
P1–C1 1.805(3) S2–O1 1.441(3)
S1–C15 1.805(4)
C9–P1–C5 107.56(17) O3–S2–O1 113.90(18)
C9–P1–C13 108.13(18) O2–S2–S1 104.75(14)
C5–P1–C13 110.89(17) O3–S2–S1 102.34(13)
C9–P1–C1 110.16(16) O1–S2–S1 106.67(14)
C5–P1–C1 110.32(18)
C13–P1–C1 109.73(18)
C15–S1–S2 99.78(14)
O2–S2–O3 114.45(18)
O2–S2–O1 113.3(2)


The phosphonioalkanethiolate-capped gold nanoparticles were
synthesised in a two phase liquid–liquid system, following the
methods developed by Brust18 and Murray,16 via reduction of
potassium tetrachloroaurate in biphasic media with an excess
of sodium borohydride, with two variations based on the use of
dichloromethane–water instead of toluene–water as the biphasic
system, and without the use of tetraoctylammonium bromide to
aid transfer of the AuCl4


− ions to the organic solvent, as it was
felt that this role would be fulfilled by the phosphoniothiosulfate
zwitterion. The preparation technique was the same for 3-
triphenylphosphoniopropylthiosulfate (9A), 6-triphenylphos-
phoniohexylthiosulfate (9C), 8-triphenylphosphoniooctyl-
thiosulfate (9D), 10-triphenylphosphoniodecylthiosulfate (9E),
and tributylphosphoniopropylthiosulfate (9F) zwitterions and
was as follows. A solution of the zwitterion was prepared in
dichloromethane (DCM) and solid potassium tetrachloroaurate
(0.5 mol equiv.) was then added to the solution. This was
vigorously stirred for 10 minutes until the gold salt was totally


Fig. 2 Molecular structure of 3-tributylphosphoniopropylthiosulfate
(9F).


Fig. 3 Intermolecular contacts showing possible hydrogen bonding
between C–H bonds a to the phosphonium centre and thiosulfato oxygen
atoms in 3-tributylphosphoniopropylthiosulfate.


dissolved. The reduction was carried out by adding dropwise a
freshly prepared aqueous solution of sodium borohydride with


Table 3 Intermolecular contacts for hydrogen bonding between C–H bonds a to the phosphonium centre and thiosulfato oxygen atoms in 3-
tributylphosphoniopropylthiosulfate 9F


Donor H Acceptor Symm D–H H · · · A D · · · A D–H · · · A


C(1) H(1A) O(2) $1 0.99 2.44 3.2657 140
C(5) H(5B) O(1) $2 0.99 2.44 3.4173 171
C(9) H(9A) O(2) $1 0.99 2.39 3.2529 146
C(9) H(9B) O(3) $2 0.99 2.45 3.2929 142
C(13) H(13B O(3) $2 0.99 2.54 3.3672 141


$1 = 1 − x, −y, 1 − z, $2 = −1/2 + x, 1/2 − y, −1/2 + z, P1 · · · O2 = 3.744(13) $1, P1 · · · O3 = 3.541(12) $2, P1 · · · O1 = 4.730(16).
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Scheme 2


vigorous stirring. After 24 hours, the stirring was stopped, the
aqueous layer separated and purified by three DCM extractions
so as to remove the excess of capping agent. All the extracts
were monitored by TLC, using methanol (10%): dichloromethane
(90%) as mobile phase. A total removal of the excess organic
ligand was observed by TLC after the third DCM extraction.
When the tetrachloroaurate was added to the solution of the
zwitterion in DCM, the stirring organic solution turned yellow,
and then became dark purple–blue after the NaBH4 addition,
indicating that the reduction had taken place. In the case of the
triphenylphosphonioalkylthiosulfate (n = 3, 6, and 8), when the
stirring was stopped after 24 hours, the DCM layer was colourless
and the aqueous phase was dark purple–blue, indicating that
phosphonioalkylthiolate-capped nanoparticles were present in the
aqueous phase (Scheme 3).


When 10-triphenylphosphoniodecylthiosulfate and 3-
tributylphosphoniopropylthiosulfate were used, dark blue
particles of aggregated colloidal gold were observed at the
interface between the aqueous and organic phases, showing no
affinity for either the dichloromethane or water. It would appear
that as the carbon chain length increases to more than 8 in the
triphenylphosphonium ligands, the formation of phosphonium
monolayer-protected gold colloids stable in an aqueous medium
becomes more difficult. Replacing the triphenylphosphonium
cationic group by tributylphosphonium group, also destabilises
the nanoparticles.


Evidence for the formation of gold nanoparticles was provided
by UV-visible spectroscopy. A broad band centred at 520 nm was
observed in the aqueous phase in the dark purple–blue solutions
containing gold nanoparticles functionalised with 9A, 9C and 9D
(Fig. 4), indicating that the particle size is between 5–10 nm in
diameter, according to the values for other thiolate-capped gold


nanoparticles reported in the literature.19 The solution of the gold
nanoparticles functionalised with triphenylphosphoniopropylth-
iosulfate zwitterion was also investigated by scanning transmission
electron microscopy (STEM). Highly uniform spherical nanopar-
ticles of ca. 5 nm can be observed in the STEM image (Fig. 5),
supporting the information given by the UV-visible spectrum.
The colloidal solutions presented good stability over 4 months
at room temperature. The solutions were monitored by UV-visible
spectroscopy and no changes were observed in their spectra during
this period.


Fig. 4 UV-visible absorption spectra of the aqueous phases obtained
in the syntheses of phosphonium-MPCs in a two-phase liquid–liquid
system in presence of the triphenylphosphoniopropylthiosulfate (Solution
A), triphenylphosphoniohexylthiosulfate (Solution B), and triphenylphos-
phoniooctylthiosulfate (Solution C) zwitterions as the precursors of the
protecting ligands.


Scheme 3
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Fig. 5 STEM micrograph of the gold nanoparticles functionalised with
triphenylphosphoniopropylthiosulfate zwitterion.


Conclusion


Functionalisation of the surface of metal nanoparticles is essential
for the development of these species for use in biomolecular
recognition or as novel therapeutic agents. In addition to providing
specific receptor sites, the functionalising ligand should also
impart the characteristics of organic molecules to the metal
nanoparticle; i.e. solubility in various solvents, which allows them
to be studied using conventional spectroscopic techniques.


Cationic-functionalised nanoparticles have demonstrated ver-
satility in a number of biomedical applications, including trans-
fection vectors and DNA surface recognition. To the best of
our knowledge, all the cationic-functionalising ligands currently
reported in the literature are based on ammonium species. Here we
have reported the synthesis and characterisation of the first alter-
native system, based on phosphonioalkylthiosulfate zwitterions.
Phosphonium groups offer a number of advantages, including
biocompatibility and the ease of synthesis of a wide range of
derivatives with different recognition capabilities. We have also
demonstrated that our phosphonioalkylthiosulfate zwitterions
readily disproportionate into phosphonioalkylthiolates in situ
during the synthesis of gold nanoparticles produced by the boro-
hydride reduction of gold(III) salts. UV spectroscopic and electron
microscopic studies have shown that the phosphoniothiolates bind
to the surface of the gold nanoparticles which are typically 5 nm in
diameter. The resulting cationic-functionalised gold nanoparticles
are dispersable in aqueous solution which augurs well for their
future use in biological applications.


We are currently investigating the synthesis of related ligand sys-
tems and investigating the potential of phosphonioalkylthiolate-
functionalised gold nanoparticles and surfaces as biorecognition
systems using surface plasmon resonance techniques.


Experimental


General


1H and 31P NMR spectra were obtained in CDCl3 and in CDCl3–
DMSO mixture on a Bruker DMX 250 (250 MHz) spectrometer.
Electrospray mass spectra were recorded using an Applied Biosys-


tems “QStar-Pulsar-i” hybrid quadrupole time of flight LCMS-
MS instrument. UV-visible spectra of aqueous colloidal solutions
were obtained on an ATI UNICAM UV2 spectrometer. Analytical
thin layer chromatography (TLC) was performed on Merck silica
gel 60F254 plates using 90 : 10 dichloromethane : methanol as eluent
system. Elemental analyses were carried out by MEDAC Ltd.


Synthesis of the series of triphenyl- and
tributyl-phosphonioalkylthiosulfate zwitterions


The synthesis of the series of triphenyl- and tributyl-
phosphonioalkylthiosulfate zwitterions is shown in Scheme 1.
All the compounds were generated by the reaction of triph-
enylphosphine or tributylphosphine (3.8 mmol) with the appro-
priate bromo-alcohol (15 mmol) in acetonitrile under reflux for
four hours, to obtain the corresponding hydroxyalkylphospho-
nium salts (7). The salts (7) were dissolved in HBr (48%) and heated
under reflux for five hours to obtain the bromoalkylphosphonium
salts (8). Finally, a series of phosphonioalkylthiosulfate zwitteri-
ons (9) was prepared by treatment of the salts (8) (1 mol) with
sodium thiosulfate (1.5 mol) in aqueous ethanol under reflux for
five hours. Progress of the reactions was monitored by TLC, using
20% methanol : 80% dichloromethane as mobile phase. All the
compounds (8) and (9) were obtained by dichloromethane extrac-
tion of the reaction mixtures and initially purified by trituration
with dry diethyl ether. Only the reaction of tributylphosphine with
the corresponding bromo-alcohols was performed under nitrogen.
The 4-triphenylphosphoniobutylthiosulfate (9B) was prepared
from the commercial (4-bromobutyl)triphenylphosphonium bro-
mide.


3-Triphenylphosphoniopropylthiosulfate (9A). Colourless crys-
tals, mp 240–243 ◦C. Found: C, 60.53; H, 5.11; C21H21O3PS2


requires: C, 60.56; H, 5.08%. ESMS 417 [M + H+], 439 [M +
Na+], 855 [2M + Na+]. d 31P NMR (CDCl3–DMSO) = 23.2 ppm;
d 1H NMR (CDCl3–DMSO) = 1.6 (2H, m), 2.6 (2H, m), 3.1 (2H,
m), 7.2–7.3 (15H, m) ppm.


4-Triphenylphosphoniobutylthiosulfate (9B). Colourless crys-
tals, mp 256–260 ◦C. Found: C, 61.24; H, 5.55; C22H23O3PS2


requires: C, 61.38; H, 5.38%. ESMS 431 [M + H+], 453 [M +
Na+], 883 [2M + Na+]. d 31P NMR (CDCl3–DMSO) = 23.6 ppm;
d 1H NMR (CDCl3–DMSO) = 1.6 (2H, m), 2.2 (2H, m), 2.7 (2H,
t), 3.05 (2H, m), 7.3–7.5 (15H, m) ppm.


6-Triphenylphosphoniohexylthiosulfate (9C). Colourless crys-
tals, mp 63–65 ◦C. Found: C, 62.12; H 5.95; C24H27O3PS2 requires:
C, 62.86; H, 5.93%. ESMS 459 [M + H+], 481 [M + Na+], 939 [2M +
Na+]. d 31P NMR (CDCl3) = 24.06 ppm; d 1H NMR (CDCl3) =
1.5 (2H, m), 1.6 (4H, m), 1.7 (2H, m), 3.05 (2H, t), 3.4 (2H, m),
7.6–7.8 (15H, m) ppm.


8-Triphenylphosphoniooctylthiosulfate (9D). Pale cream pow-
der, mp 40–45 ◦C. Found: C, 62.14; H, 6.37; C26H31O3PS2·H2O
requires C, 61.88; H, 6.59%. ESMS 485 [M+], 510 [M + Na+]. d 31P
NMR (CDCl3) = 23.8 ppm; d 1H NMR (CDCl3) = 1.2 (5H, m),
1.5 (7H, m), 2.4 (1H, m), 2.9 (1H, t), 3.3 (2H, m), 7.6–7.7 (15H,
m) ppm.


10-Triphenylphosphoniodecylthiosulfate (9E). Pale cream pow-
der, mp 60–65 ◦C. Found: C, 63.69; H, 6.75; C28H35O3PS2·H2O
requires C, 63.13; H, 7.00%. ESMS 513 [M+], 538 [M + Na+]. d 31P
NMR (CDCl3) = 23.6 ppm; d 1H NMR (CDCl3) = 1.0 (8H, m),
1.4 (6H, m), 3.2 (2H, m), 3.9 (4H, m), 7.5–7.7 (15H, m) ppm.
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3-Tributylphosphoniopropylthiosulfate (9F). Colourless crys-
tals, mp 133–136 ◦C. Found: C, 50.27; H, 9.69; C15H33O3PS2


requires C, 50.53; H, 9.33%. ESMS 357 [M + H+], 379 [M +
Na+], 735 [2M + Na+], 1091 [3M + Na+]. d 31P NMR (CDCl3) =
33.7 ppm; d 1H NMR (CDCl3) = 0.9 (9H, t), 1.5 (12H, m), 2.1
(8H, m), 2.5 (2H, m), 3.1 (2H, t) ppm.


Synthesis of 3-(methylthio)propyl-triphenylphosphonium iodide
(11)


The alkylation of (10) was carried out using the following
method: triphenylphosphoniopropylthiosulfate (0.5 mmol) was
dissolved in 3 mL of methanol. A freshly prepared aqueous
solution of sodium borohydride (5 mmol) was then added drop
by drop to the reaction flask, in order to allow formation of the
zwitterion Ph3P+(CH2)3S−. The mixture was stirred for 3 hour
at room temperature. The formation of 3-(methylthio)propyl-
triphenylphosphonium iodide was achieved by the reaction of (10)
and iodomethane (5 mmol) under nitrogen and the mixture was
stirred overnight at room temperature. Progress of the reaction was
monitored by TLC, using 10% methanol : 90% dichloromethane
as a mobile phase. The resulting mixture was extracted with
dichloromethane, the organic phase was collected and after
removing the solvent, the resulting compound (11) was initially
purified by trituration with dry diethyl ether.


3-(Methylthio)propyl-triphenylphosphonium iodide (11). Pale
cream solid, 68% yield; mp 136–138 ◦C. Accurate MALDI
TOFMS analysis: found 351.1307 [M +]; C22H24PS requires
351.1336 [M+]; d 31P NMR (CDCl3) = 24.3 ppm, d 1H NMR
(CDCl3) = 1.9 (3H, s), 2.8 (2H, t), 3.3 (2H, m), 3.8 (2H, m),
7.6–7.8 (15H, m) ppm.


X-Ray crystallography study of the
triphenylphosphoniopropylthiosulfate and
tributylphosphoniopropylthiosulfate zwitterions


All single crystal X-ray diffraction data were collected on a Bruker
Nonius KappaCCD mounted at the window of a Mo FR591
rotating anode (k = 0.71073 Å). The crystals were kept at a
temperature of 120 K, and the data were corrected for absorption
by the empirical multi-scan method employed in SORTAV.20 The
structures were solved via direct methods and refined by full matrix
least squares on F 2 (SHELX97).21 Non-hydrogen atoms were
refined anisotropically and hydrogen atoms were treated using
a riding model.†


Synthesis of phosphonium-monolayer protected gold clusters


A solution of the zwitterions corresponding to the protecting
ligand was prepared in DCM (0.25 mmol, 14 mmol L−1) and
potassium tetrachloroaurate (0.12 mmol, 7 mmol L−1) was then
added to the solution. This was vigorously stirred for 10 minutes


† CCDC reference numbers 243256 and 620796. For crystallographic data
in CIF or other electronic format see DOI: 10.1039/b610480k


until the gold salt was totally dissolved. The reduction was carried
out by adding dropwise a freshly prepared aqueous solution of
sodium borohydride (3 mL, 400 mmol L−1) with vigorous stirring,
and 15 mL of deionised water was then added to the mixture. After
24 hours, the stirring was stopped. And three DCM extractions
were then carried out for the purification of the aqueous phase.


TEM


One drop of a dispersion of the phosphoniopropylthiolate-capped
gold nanoparticle sample in methanol was placed onto a 300-mesh
copper grid, the solvent allowed to evaporate, and then the grid was
carbon coated. A Carl Zeiss STM SUPRATM 40VP GEMINITM


FE-SEM with a Multi-Mode STEM (30.00 kV) detection system
was used to determine the average particle size for the sample
studied.
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A chemical probe was developed for the detection of the emerging cancer marker galectin-3. The probe
contains a benzophenone moiety which covalently attaches itself to the protein upon binding and
irradiation. Introduction of a fluorescent label via ‘click’ chemistry allows the labelled proteins to be
visualized in a gel. With the probe, selective visualization of galectin-3 in protein mixtures was shown
and remarkably even in cell lysates.


Introduction


The development of methods that allow the study of specific
subsections of the proteome is an important research goal.1


Current methods typically reduce the sample complexity through
multidimensional separations, followed by identification and
quantification by mass spectrometry. Complementary to this,
synthetic molecular probes can tag a particular protein class,
typically based on catalytic activity. The advantage of this path
is that information about the quantities of functional proteins
is obtained. Probes designed for enzymes can covalently capture
their target proteins by taking advantage of their catalytic
mechanisms with the use of suicide inhibitors.2 The appeal of
these probes is that the captured set of proteins is a reflection of
the enzyme activity present in a certain sample, rather than the
protein abundance that most other methods report on. For this
reason the inhibitor-probe method is called activity-based protein
profiling (ABBP).3 However, this cannot be done for proteins that
merely bind their target molecules or for enzymes for which no
suicide inhibitors exist. For these cases photoreactive groups4 have
been linked to the ligands in order to attach to nearby protein
residues. Such probes3e can thus capture proteins as a function of
their binding activity within a complex sample as was shown for
kinases,5,6 metalloproteases,7,8 HMG-CoA reductase,9 and aspar-
tic proteases.10 An example of a non-catalytic protein group are the
carbohydrate binding proteins: the lectins. The galectins, a group
of 15 b-galactoside binding lectins, are a particularly interesting
subgroup thereof due to their involvement in many health related
biological processes.11 In particular, galectin-3 expression has been
correlated, with notable exceptions, with cancer aggressiveness,12


metastasis,13 and apoptosis.14 In this context galectin-3 can be
considered an emerging cancer marker.


We previously reported15 on a photoaffinity probe for the
profiling of galectins within samples of low protein complexity and
high galectin concentration. We here report on a significant leap
in development. Our focus has become the most cancer relevant
galectin-3. Our approach allowed the detection of galectin-3
in more complex mixtures of proteins, including carbohydrate
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for Pharmaceutical Sciences, Utrecht University, P.O. Box 80082, 3508 TB,
Utrecht, The Netherlands
† Electronic supplementary information (ESI) available: Details of labeling
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binding and processing ones, with detection limits in the low
nanogram range per gel lane. Furthermore detection was possible
in complex cell lysates. The method aims to provide an alternative
to antibody based methods.11b In order to arrive at the improve-
ments, multivalency was introduced into the system in order
to increase galectin-3 affinity16 and lower the detection limit.17


Multivalency is known to be of great importance in the biological
mechanism of action of the galectins which often involves cross-
linking or aggregation. For galectin-3 this is particularly true as
this predominantly monomeric lectin was shown to aggregate
into a pentameric form of the lectin in the presence of divalent
ligands.18 A divalent lactoside, similar to the one presented here
was shown to increase binding 15-fold in a heamagglutination
inhibition study.16b The other factor favouring galectin-3 detection
is the presence of an aromatic group linked to the 3′ position of
the used lactose ligand. Such substituents were shown to greatly
enhance the binding to galectin-3, i.e. over 200-fold, due to cation–
p interactions of the aryl group to a protein arginine residue.19


The detection principle and the used compounds are shown in
Scheme 1 and Chart 1. The scheme shows the non-covalent binding
of the probe (1) to a partial aggregate of galectin-3 followed by
photo-labelling. In the final step a fluorescent reporter molecule
(2) is introduced to allow visualization of the captured proteins
in a gel. Such a two step protocol has advantages such as fewer
artefacts due to non-specific effects of bulky labels in the crucial


Scheme 1 Depiction of the capture strategy of galectin-3 in which
photocovalent attachment and chemoselective ligation are combined. The
incubation of a divalent ligand and galectin-3 leads to aggregate formation
and enhanced affinity.
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Chart 1 Structures of used probes 1 and 3 and reporter molecule 2.


photoreaction step. The alkyne moiety on the probe allows for
‘click chemistry’20 to introduce the fluorescent reporter molecule.


Synthesis


The synthesis of probe 1 started by linking the previous probe
415 to the divalent scaffold 521 using ‘click’ chemistry (Scheme 2).


Subsequently an alkyne group was introduced into the molecule
by means of a BOP coupling of propargyl amine to the scaffold
carboxylic acid function. Deprotecting the lactose hydroxyls
yielded 1. In order to get an idea about the magnitude of the
operative multivalency effect for 1 a monovalent reference probe 3
was also prepared as shown in Scheme 3. This synthesis involved
the monofunctionalization of the divalent scaffold 7, followed by


Scheme 2 Reagents and conditions: a) CuSO4, Na ascorbate, DMF–H2O, MW, 20 min, 84%; b) propargyl amine, BOP, DIPEA, DMF, 14 h, 94%; c)
MeONa–MeOH, quant.
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Scheme 3 Reagents and conditions: a) propargyl bromide (1 equiv.), K2CO3, DMF, 16 h, 33%; b) 4, CuSO4, Na ascorbate, DMF–H2O, MW, 20 min,
89%; c) propargyl bromide (1 equiv.), K2CO3, DMF, 14 h, 61%; d) MeONa–MeOH, quant.


linking of the photoligand 4. Finally incorporation of the alkyne
group and sugar deprotection yielded 3.


Probe evaluation


To evaluate the probe, protein mixtures were prepared. The first
mixture consisted of six common (marker) proteins and the
second mixture contained a series of seven carbohydrate binding
and processing proteins, including several galactose specific ones
(protein mix I and II22). To these mixtures various amounts of
galectin-3 were added and also various amounts of probe were
applied. Following the above protocol, the fluorescent gel images
obtained showed a strong and dominant band corresponding to
galectin-3, indicating good selectivity of the probe in both protein
mixtures (Fig. 1A). In the first mixture some minor labelling
of phosphorylase B (lane 5, 94 kDa) was observed. Strikingly,
in the second protein mixture the probe exhibited selectivity
for galectin-3 over galectin-1, as indicated by the absence of a
fluorescent band at 14 kDa in lane 8. A faint band at twice
the molecular weight of galectin-3 (≈60 kDa) was seen in a
sample only containing galectin-3 (lane 7), indicating the capture
of two copies of this protein. In order to confirm that binding
of the carbohydrate portion of the probe was a prerequisite for
detection, an experiment was performed with increasing amounts
of the competing lactose ligand (Fig. 1B). The experiment clearly
showed that the signal of fluorescently labelled galectin-3 disap-
pears with the addition of larger quantities of the weak lactose
ligand.


The most favourable probe (1) concentration was determined by
using a concentration range and was found to be around 5 lM (see
supporting information†) with a two-fold excess of fluorescein–N3


construct 2. Higher concentrations of 2 gave rise to saturated
fluorescence gels and thus poorly visible protein signals. With
these concentrations of 1 and 2 the minimal detection limit for
galectin-3 was found to be 1–5 ng which is clearly sufficient for
application.23 With the related monovalent probe 3 around 50 ng of
galectin-3 could be detected, thus confirming the benefits of multi-
valency.


Once the optimal probe concentration and the lower detection
limit were known, we proceeded to apply the methodology to an E.
coli and a human cell line lysate to explore the probe sensitivity in a
biologically complex environment (Fig. 2). The bacterial lysate was
spiked with various concentrations of galectin-3. Following the
protocol, fluorescent images of the gel clearly show that galectin-
3 can be detected under these conditions. In the corresponding
experiments with the CaCo2 lysate, which is known to express


Fig. 1 (A) Evaluation of probe (1, 5 lM) in prepared protein mixtures.
Lane 1: protein mix I22 and lane 2: galectin-3, both silver stained. Lanes
3–5: Fluorescence images, galectin-3 (120 ng) in protein mix I (400 ng per
protein). Lane 3: no probe, lane 4: no light irradiation. Lanes 6 and 7:
galectin-3 (67 ng), silver stained and fluorescence image respectively; lane
8 fluorescence image of galectin-3 (40 ng) with protein mix II22 (40 ng
per protein). (B) Competition experiment between lactose and probe 1. A
sample of 50 ng galectin-3 was incubated with 10 lM divalent probe in
the presence of different concentrations of lactose. Top row: fluorescent
picture of labeled galectin-3. Bottom row: silver stain of the same gel, as a
loading control.


galectin-3,24 the spiked sample showed a band corresponding to
the expected galectin-3 position (lane 9), but also in the non-
spiked sample a band is visible (lane 10). In order to confirm
the presence of endogenous galectin-3 in the CaCo2 cell line,
the presumed galectin-3 band was excised from the gel, digested
and analysed by MS. The analysis confirmed the presence of
galectin-3. Again experiments were run with increasing amounts of
competing lactose (lanes 5–8). At the higher lactose concentration
(1–10 mM) the galectin-3 lane fades while non-targeted ligands
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Fig. 2 Lane 1: labeling of 20 ng galectin-3. Lane 2–4: labeling of an E. coli
lysate with different amounts of galectin-3 and with no galectin-3 added.
The box indicates the galectin-3 position. Lane 9–10: fluorescent image
of human colon carcinoma lysate, with and without galectin-3 added.
The asterisk indicates labeling of galectin-3 present in this lysate, which
was confirmed by MALDI analysis. Lane 5–8: Competition experiment
between 10 lM divalent probe and increasing concentrations of lactose;
50 ng galectin-3 was added to 3 lg lysate. The box indicates the band of
galectin-3, which decreases in intensity with increasing concentrations of
lactose.


remained equally visible, clearly indicating that specific binding is
responsible for the galectin-3 detection.


Discussion/conclusions


We here present a probe-based system for the detection of the
cancer-linked galectin-3, which is considered an emerging cancer
marker. The chemical probe based method, as presented here,
may ultimately prove to be a valid alternative to the often used
antibody based methods as a detection method for active galectin-
3. However, the protein–carbohydrate interactions, governing the
probe–galectin-3 binding are notoriously weak, illustrating the
tremendous challenge to realize this goal. Two features of the
probe presented here have allowed a significant step forwards.
The first is the multivalency of the system and the second is the
use of a C3′ aromatic substituent on the lactose ligand that is
known to greatly enhance binding to galectin-3. With probe 1
it proved possible to strongly and selectively identify galectin-3
from a mixture of carbohydrate binding and processing proteins,
including galactose binding ones and even the close cousin
galectin-1. Furthermore in this study it was possible to visualize
galectin-3 in spiked lysates of bacterial and human origin, despite
the fact that non-targeted, non-specifically bound and likely highly
abundant proteins were also labelled by the probe. Gratifyingly, in
an experiment with a non-spiked caco2 cell lysate, which should
contain significant amounts of endogenous galectin-3, it proved
possible to excise the corresponding fluorescent band and after
digestion and mass spectrometric analysis, it was unambiguously
identified as galectin-3. This experiment bodes well for further
development of the principle. In conclusion, we have shown the
utility of a galectin-3 specific divalent photoaffinity probe for the
visualization of galectin-3 in biological protein mixtures. This type
of probe in combination with various reporter molecules may
become a valuable tool in further deciphering the galectin-3 roles


in biology and especially cancer and may ultimately aid in its
diagnosis and prognosis.


Experimental


General


All reagents were purchased from commercial sources and used
without further purification apart from solvents that were distilled
before use. Dowex 50 × 8 (H+ form, 20–50 mesh) from Fluka.
Analytical thin layer chromatography (TLC) was performed on
Merck pre-coated silica gel 60 F254 (0.25 mm) plates. Spots were
visualized with UV light, ninhydrin, or Cl2-TDM. Column chro-
matography was carried out using Merck Kieselgel 60 (40–63 mm).
1H NMR and 13C NMR were obtained on a Varian 300 MHz
spectrometer. Chemical shifts are given in ppm with respect to
internal TMS for 1H NMR. 13C NMR spectra were recorded using
the attached proton test (APT) pulse sequence. Two-dimensional
1H–1H correlation and total correlation spectroscopy (COSY and
TOCSY) and 1H–13C correlated heteronuclear single quantum
coherence (HSQC) NMR spectra (500 MHz) were recorded at
300 K with a Varian Unity INOVA 500 spectrometer.


Low resolution ES-MS experiments were performed on a Shi-
madzu LCMS QP8000 system. Exact masses were measured by na-
noelectrospray time-of-flight mass spectrometry on a Micromass
LCToF mass spectrometer at a resolution of 5000 fwhm. Gold-
coated capillaries were loaded with 1 lL of sample (concentration
20 lM) dissolved in a 1 : 1 (v/v) mixture of CH3CN–H2O with
0.1% formic acid. NaI or poly(ethylene glycol) (PEG) was added
as internal standard. The capillary voltage was set between 1100
and 1350 V, and the cone voltage was set at 30 V.


3,5-Bis-{8-(1H-1,2,3-triazol-4-yl)-(3,6-dioxa)octyl-[2,4,6-tri-O-
acetyl-3-O-4-methylbenzophenon-b-D-galactopyranosyl-(1→4)-
2,3,6-tri-O-acetyl-b-D-glucopyranoside]methoxy}benzoic acid (6)


To a solution of 4 (172 mg, 0.182 mmol) and 7 (10.5 mg,
0.046 mmol) in DMF (2 mL), CuSO4·5H2O (3.4 mg, 0.014 mmol),
sodium ascorbate (5.4 mg, 0.028 mmol) and three drops of water
were added. The reaction mixture was exposed to microwave
irradiation for 20 min at 80 ◦C. TLC (DCM : MeOH, 9 : 1)
and showed at this point total consumption of 5. The mixture was
concentrated and purified on silica gel (DCM : MeOH, 20 : 1) to
afford 6 as a slightly yellow viscous oil (82 mg, 84%). Excess 4 was
recovered by chromatography. 1H NMR (500 MHz, CDCl3): 1.98,
2.01, 2.03, 2.06, 2.07, 2.13 (6 × s, 6 × 6H), 3.55–3.62 (m, 16H), 3.72
(t, J = 9.3, 2H), 3.80–3.89 (m, 8H), 4.06–4.11 (m, 6H), 4.40 (d, J =
8.3, 2H), 4.43–4.45 (m, 4H), 4.51 (d, J = 8.0, 2H), 4.54 (t, J = 4.9,
4H), 4.78 (d, J = 12.7, 2H), 4.85 (m, 2H), 5.06 (dd, J = 8.3, J =
9.8, 2H), 5.16 (t, J = 9.3, 2H), 5.20 (s, 4H), 5.49 (d, J = 2.9, 2H),
6.85 (s, 1H), 7.31–7.33 (m, 6H), 7.47 (m, 4H), 7.58 (t, 2H, J = 7.3),
7.74 (d, J = 7.8, 4H), 7.77 (d, J = 7.3, 4H), 7.85 (s, 2H); 13C NMR
(125 MHz, CDCl3): 20.9, 21.0, 21.1, 50.5, 61.6, 62.4, 65.6, 69.3,
69.6, 70.4, 70.7, 70.8, 70.9, 71.0, 71.2, 71.9, 72.9, 73.1, 76.4, 77.8,
100.8, 101.3, 107.3, 109.1, 124.6, 127.3, 128.5, 130.2, 130.4, 132.7,
137.2, 137.7, 142.3, 143.5, 159.6, 168.0, 169.5, 169.9, 170.1, 170.5,
170.7, 170.8; HR-ESI-MS calculated for C101H120N6O44 2121.742
[M + H]+ and 2143.724 [M + Na]+, found 2121.730 and 2143.702.
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3,5-Bis-{8-(1,2,3-triazol-4-yl)-(3,6-dioxa)octyl-[3-O-4-
methylbenzophenone)-b-D-galactopyranosyl-(1→4)-
b-D-glucopyranoside]methoxy}benzoic acid propargyl amide (1)


Carboxylic acid 6 (97 mg, 0.045 mmol) and propargylamine
hydrochloride (7 mg, 0.09 mmol) were dissolved in DMF (2 mL)
and the pH was adjusted to approximately 8 using DIPEA. BOP
(20 mg, 0.045 mmol) was added and the pH was checked and
adjusted again. The mixture was stirred overnight when TLC
(DCM : MeOH, 9 : 1) indicated total conversion of the starting
material. The mixture was concentrated and loaded onto a silica
column for chromatography (DCM : MeOH, 20 : 1). The amide
was obtained as a colorless viscous oil (91 mg; 94% yield). Part
of this material compound (49 mg, 0.023 mmol) was treated with
a 5 M NaOMe solution (0.2 mL) in MeOH (2 mL). The reaction
was neutralized with Dowex H+ after 3 h of stirring at room
temperature. The solution was filtered off and concentrated to
dryness to give to give 1 in quantitative yield. 1H NMR (500 MHz,
MeOD): 2.62 (s, 1H), 3.26 (m, 2H), 3.35 (m, 2H), 3.44 (dd, J =
2.9, J = 9.8, 2H), 3.50 (m, 4H), 3.57–3.64 (m, 16H), 3.67–3.84 (m,
10H), 3.87–3.92 (m, 6H), 4.09 (m, 2H), 4.13 (m, 2H), 4.28 (d, J =
7.8, 2H), 4.36 (d, J = 7.8, 2H), 4.6 (t, J = 4.9), 4.78 (d, J = 12.6,
2H), 4.86 (m, 12OH and 2H), 5.23 (s, 4H), 6.89 (s, 1H), 7.13 (d,
J = 1.9, 2H), 7.53 (t, J = 7.8, 4H), 7.62–7.66 (m, 6H), 7.74–7.76
(m, 8H), 8.19 (s, 2H); 13C NMR (125 MHz, CD3OD): 29.1, 50.4,
60.8, 61.3, 61.6, 65.9, 68.6, 69.1, 70.1, 70.2, 70.6, 70.7, 71.2, 73.5,
75.1, 75.2, 75.7, 79.7, 81.6, 103.1, 103.9, 105.6, 106.8, 125.4, 127.5,
128.4, 129.8, 130.0, 132.7, 136.2, 136.6, 137.7, 143.2, 144.2, 159.8,
167.8; HR-ESI-MS calculated for C80H99N7O31 1654.646 [M + H]+


and 1676.628 [M + Na]+, found 1654.641 and 1676.621.


Methyl 3-hydroxy-5-{8-(1H-1,2,3-triazol-4-yl)-(3,6-dioxa)octyl-
[2,4,6-tri-O-acetyl-3-O-4-methylbenzophenone)-b-D-galacto-
pyranosyl-(1→4)-2,3,6-tri-O-acetyl-b-D-glucopyranoside]-
methoxy}benzoate (8)


To a solution of methyl 2,4-dihydroxybenzoate (1 g, 5.95 mmol) in
DMF (20 mL) K2CO3 (0.822 g, 5.9 mmol) and propargyl bromide
(80% solution in toluene) (0.66 mL, 5.9 mmol) were added and
the mixture was stirred for 16 h at rt. The crude product was
then filtered through Hyflo SuperCell, concentrated to dryness,
dissolved in EtOAc and washed 3 × with water. The organic
layer was dried (K2SO4) and concentrated again. TLC (hexane :
EtOAc, 1 : 1) showed a mixture of starting material and mono- and
dialkylated products. Silica gel column chromatography (hexane :
EtOAc, 3 : 1) gave monoalkylated product methyl 3-hydroxy-5-
(prop-2-ynyloxy)benzoate (0.40 g; 33% yield) as a white solid. 1H
NMR (500 MHz, CDCl3): 2.55 (s, 1H), 3.92 (s, 3H), 4.72 (d, 2H,
J = 2.4), 5.25 (s, 1H), 6.71 (d, 1H, J = 2.4), 7.2 (s, 1H), 7.24 (d, 1H,
J <1); 13C NMR (125 MHz, CDCl3): 52.6, 56.3, 76.2, 78.2, 107.8,
108.4, 110.3, 132.4, 156.9, 158.9, 166.9; HR-ESI-MS calculated
for C11H10O4 207.0657 [M + H]+ and 229.0477 [M + Na]+, found
207.0661 and 229.0482. This compound (15 mg, 0.07 mmol)
and 4 (82 mg, 0.09 mmol) were dissolved in DMF (2 mL) and
CuSO4·5H2O (2.7 mg, 0.01 mmol) and sodium ascorbate (4.3 mg,
0.022 mmol) were added together with 3 drops of water. This
mixture was exposed to microwave irradiation at 80 ◦C for 20 min.
The mixture was concentrated and purified by silica column
chromatography (DCM : MeOH, 20 : 1 to 10 : 1) to afford 8 as a


slightly yellow viscous oil (71 mg; 89% yield). 1H NMR (500 MHz,
CDCl3): 1.98, 2.02, 2.03, 2.06, 2.07, 2.13 (6 × s, 6 × 3H), 3.53–3.55
(m, 8H), 3.64 (m, 1H), 3.70 (t, 1H, J = 9.3), 3.80–3.88 (m, 7H),
4.05–4.11 (m, 3H), 4.4–4.5 (m, 4H), 4.53 (t, 2H, J = 4.9), 4.77 (d,
1H, J = 12.2), 4.85 (t, 1H, J = 8.8), 5.04 (dd, 1H, J = 8.3, J = 9.3),
5.14 (t, 1H, J = 9.3), 5.2 (s, 2H), 5.49 (d, 1H, J = 2.5), 6.73 (s, 1H),
7.15 (s, 2H), 7.32 (d, 2H, J = 7.8), 7.47 (dd, 2H, J = 7.3, J = 7.8),
7.58 (t, 1H, J = 7.3), 7.72 (br s, 1OH) 7.75 (d, J = 7.8, 2H), 7.77 (d,
J = 7.8, 2H), 7.87 (s, 1H); 13C NMR (125 MHz, CDCl3): 20.9, 21.0,
21.1, 50.6, 52.5, 61.6, 62.2, 62.3, 65.6, 69.4, 69.5, 70.4, 70.7, 70.8,
70.9, 71.0, 71.2, 71.8, 72.9, 73.1, 76.4, 77.8, 100.8, 101.4, 107.5,
107.6, 110.4, 124.7, 127.3, 128.6, 130.3, 130.5, 132.4, 132.8, 137.3,
137.7, 142.3, 143.6, 158.0, 159.5, 167.0, 169.7, 170.1, 170.2, 170.6,
170.8, 170.9; HR-ESI-MS calculated for C55H65N3O24 1152.404
[M + H]+ and 1174.386 [M + Na]+, found 1152.410 and 1174.380.


Methyl 3-(prop-2-ynyl)-5-{8-(1H-1,2,3-triazol-4-yl)-(3,6-dioxa)-
octyl-[2,4,6-tri-O-acetyl-3-O-4-methylbenzophenon)-b-D-
galactopyranosyl-(1→4)-2,3,6-tri-O-acetyl-b-D-
glucopyranoside]methoxy}benzoate (9)


To a solution of compound 8 (72 mg, 0.063 mmol) and K2CO3


(17 mg, 0.12 mmol) in DMF (1 mL), propargyl bromide (80%
solution in toluene, 14 ll, 0.12 mmol) was added. The mixture
was stirred overnight. After TLC (DCM : MeOH, 9 : 1) showed
completion, the mixture was loaded onto silica gel for column
chromatography (DCM : MeOH, 50 : 1 to 20 : 1) to give 9 as a
colorless oil (46 mg, 61%). 1H NMR (500 MHz, CDCl3): 2.00,
2.03, 2.04, 2.08, 2.09, 2.10 (6 × s, 6 × 3H), 2.55 (s, 1H), 3.53–3.58
(m, 9H), 3.68 (m, 1H), 3.74 (dd, J = 8.8, J = 9.8, 1H), 3.80–3.82
(m, 1H), 3.87–3.91 (m, 6H), 4.08–4.12 (m, 3H), 4.40 (d, J = 8.3,
1H), 4.40–4.46 (m, 2H), 4.53 (d, J = 8.3, 1H), 4.56 (t, J = 4.9,
2H), 4.72 (d, J = 2.4, 2H), 4.79 (d, J = 12.7, 1H), 4.87 (dd, J =
8.3, J = 9.3, 1H), 5.07 (dd, J = 8.3, J = 9.8, 1H), 5.18 (t, J = 9.7,
1H), 5.23 (s, 2H), 5.50 (d, J = 2.5), 6.84 (t, J = 2.4, 1H), 7.27 (s,
1H), 7.33–7.35 (m, 3H), 7.49 (t, J = 7.3, 2H), 7.60 (t, J = 7.3, 1H),
7.76–7.80 (m, 4H), 7.83 (s, 1H); 13C NMR (125 MHz, CDCl3): 20.9,
21.0, 21.1, 50.6, 52.6, 56.3, 61.6, 62.3, 62.5, 65.5, 69.3, 69.7, 70.5,
70.5, 70.8, 71.0, 71.2, 71.9, 72.9, 73.1, 76.3, 76.5, 77.9, 78.2, 100.8,
101.4, 107.5, 108.8, 109.2, 124.4, 127.3, 128.6, 130.2, 130.5, 132.5,
132.7, 137.3, 137.8, 142.2, 143.5, 158.8, 159.6, 166.7, 169.3, 169.9,
170.0, 170.5, 170.6, 170.7; HR-ESI-MS calculated for C58H67N3O24


1190.419 [M + H]+ and 1212.401 [M + Na]+, found 1190.416 and
1212.399.


3-(Prop-2-ynyl)-5-bis-{8-(1,2,3-triazol-4-yl)-(3,6-dioxa)octyl-[3-
O-4-methylbenzophenon)-b-D-galactopyranosyl-(1→4)-b-D-
glucopyranoside]methoxy}benzoic acid (3)


Compound 9 (30 mg, 0.025 mmol) was dissolved in a mixture of
dioxane (1.4 mL) and MeOH (0.5 mL) and 4 N NaOH (0.1 mL,
Tesser’s base) and the reaction was stirred for 5 h. The resulting
mixture was neutralized with Dowex H+, filtered and concentrated
in vacuo to give 3 (21 mg, 90%). 1H NMR (500 MHz, MeOD): 2.98
(t, J = 2.4, 1H), 3.26 (m, 1H), 3.41–3.43 (m, 1H), 3.44 (dd, J =
2.9, J = 9.8, 1H), 3.52–3.54 (m, 2H), 3.57–3.64 (m, 8H), 3.67–3.84
(m, 5H), 3.87–3.92 (m, 3H), 3.95–3.98 (m, 1H), 4.09 (d, J = 2.9,
1H), 4.30 (d, J = 7.8, 1H), 4.38 (d, J = 7.8, 1H), 4.60 (t, J = 4.9,
2H), 4.77 (d, J = 2.44, 2H), 4.77–4.90 (m, 6OH and 2H), 5.23
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(s, 2H), 6.86 (s, 1H), 7.27 (s, 1H), 7.3 (s, 1H), 7.54 (t, J = 7.8,
2H), 7.63–7.67 (m, 3H), 7.76–7.78 (m, 4H), 8.16 (s, 1H). 13C NMR
(125 MHz, CD3OD): 50.4, 55.8, 60.8, 61.3, 61.6, 65.9, 68.6, 69.1,
70.1, 70.2, 70.6, 70.7, 73.5, 75.1, 75.3, 75.7, 76.0, 78.3, 79.6, 81.6,
103.1, 103.9, 106.5, 108.7, 108.9, 125.3, 127.4, 128.3, 129.8, 129.9,
132.6, 134.2, 136.7, 137.8, 143.3, 144.2, 159.0, 159.5; HR-ESI-MS
calculated for C45H53N3O18 924.340 [M + H]+ and 946.322 [M +
Na]+, found 924.341 and 946.323.


Synthesis of fluorescein–azide adduct (2)


6-[Fluorescein-5(6)-carboxamido]hexanoic acid N-hydroxysucci-
nimide ester (Sigma) (20 mg, 0.025 mmol, 75% purity)
was dissolved in MeOH (0.6 mL) and 1-amino-11-azido-
3,6,9-trioxaundecane (Toronto Research Chemicals) (16 mg,
0.075 mmol) was added to the stirring solution. DIPEA was then
added dropwise until the solution reached pH 8–9 and the mixture
was stirred overnight. The resulting solution was concentrated to
dryness and loaded onto a silica gel for column chromatography
(DCM : MeOH, 10 : 1) to give fluorescein-azide adduct (2) as a
yellow solid (14 mg, 81%). 1H NMR (300 MHz, CD3OD) 8.45 (d,
J = 2.0 Hz, 1H), 8.06 (m, 1H), 7.67 (d, J = 2.0 Hz, 1H), 7.33 (d,
J = 8.0 Hz, 1H), 7.04 (m, 2H), 6.57 (m, 2H), 3.08–3.66 (m, 26H).
HR-ESI-MS calculated for C35H39N5O10 690.278, [M + H]+, found
690.279.


Galectin-3 labeling studies in presence of protein mixture I


Solutions of probe 1 (10, 5, 2, 1, and 0.5 lL of a 50 lM stock
solution in water : DMSO 20 : 1) were diluted to 35 lL total
volume in HEPES buffer pH 7.4, 150 mM NaCl. A 5 lL aliquot
of galectin-3 stock solution (human, recombinant form, carrier
free, R & D Systems Europe, Abingdon, UK) (125 lg mL−1 in
HEPES buffer) together with 10 lL of protein mix I (200 lg
mL−1 of each protein: a-lactalbumin, trypsin inhibitor, carbonic
anhydrase, ovalbumin, albumin and phosphorylase B) was added
to each one of these samples and the resulting solutions were
irradiated for 30 min under a 366 nm UV lamp at 4–5 cm distance
at 4 ◦C. After photoincubation, 5 lL of ligand (100 lM in DMSO :
tert-butyl alcohol, 1 : 4),25 5 lL of CuSO4 (50 mM in water) and a
two fold excess with respect to probe quantity of fluorescein–azide
conjugate 2 (20, 10, 4, 2, and 1 lL respectively of a 50 lM solution
in water) were added and the volume adjusted to 80 lL. The
samples were then gently shaken for 1 h at rt and denatured (20 lL
of a 10% SDS, 40% glycerol and 2% DTT solution) boiling at 95 ◦C
for 5 min. From the total volume of 100 lL, 20 lL were loaded onto
a 15% Tris-HCl gel for SDS-PAGE. After extensive washing of
the developed gel (1–2 h in water) to eliminate excess dye reagent,
fluorescence was detected with a Typhoon fluorescence scanner
and each gel was subsequently silver stained (only the lane with
5 lL probe (5 lM) is shown in Fig. 1 (lane 5), see supporting
information for the rest†).


Galectin-3 labeling studies in presence of protein mixture II
Probe 1 (5 lL of a 50 lM stock solution in water : DMSO


20 : 1) was diluted to 35 lL total volume in HEPES buffer
pH 7.4, 150 mM NaCl. Decreasing amounts of galectin-3 were
added to each of the samples: 5, 3, 2, 1 and 0.5 lL of galectin-
3 stock solution (100 lg mL−1 in HEPES buffer) together with
3 lL of protein mixture II (100 lg mL−1 in each a-glucosidase


from yeast (Serva 22828); b-galactosidase from E. coli (Boehringer
1510220, 105031); b-glucosidase from almonds (Sigma G4511);
galectin-1 (R & D Systems 1152-GA-CF), lectin from Arachis
hypogaea (peanut), peanut agglutinin, PNA (Sigma L0881); lectin
from Helix aspersa (garden snail), helix aspersa agglutinin, HAA
(Sigma L6635); galactosyl transferase from bovine milk (Fluka
48279) was added to each one of these samples. The resulting
solutions were irradiated for 30 min under a 366 nm UV lamp
at 4–5 cm distance at 4 ◦C. After photoincubation, 5 lL of
ligand (100 lM in DMSO : tert-butyl alcohol, 1 : 4), 5 lL of
CuSO4 (50 mM in water) and a two fold excess with respect
to probe quantity of fluorescein–azide conjugate 2 (10 lL of a
50 lM solution in water) were added and the volume adjusted
to 100 lL. The samples were then gently shaken for 1 h at rt
and denatured (50 lL of a 10% SDS, 40% glycerol and 2% DTT
solution) boiling at 95 ◦C for 5 min. From the total volume
of 150 lL, 20 lL were loaded onto a 15% Tris-HCl gel for
SDS-PAGE. After extensive washing of the developed gel (1–
2 h in water) to eliminate excess dye reagent, fluorescence was
detected with a Typhoon fluorescence scanner and each gel was
subsequently silver stained (in Fig. 1, only lane 8 is shown with
40 ng of galectin-3 i.e. 3 lL galectin-3, see supporting information
for the rest†).


Lactose competition experiments


Stock solutions of lactose (1, 10, 100 mM) in 50 mM HEPES buffer
pH 7.4, 150 mM NaCl were prepared. For a concentration range
of 0.1, 1 and 10 mM, 2 ll from the lactose stock solutions were
added, together with 1.2 ll galectin-3 stock solution (125 lg ml−1


in HEPES buffer), 4 ll probe 1 stock solution (50 lM in water :
DMSO 20 : 1) and in the case of the lysate experiment 2.4 ll
human cell lysate (4.3 mg mL−1 stock as determined by BCA
protein concentration assay), to a final sample volume of 20 lL
(in HEPES buffer). The samples were irradiated as described
above. After photoincubation, 3 lL of fluorescein azide conjugate
2 (100 lM stock in water), 0.8 lL CuSO4 and 0.8 lL TCEP (both
50 mM stock in water) were added and the final sample volume
was adjusted to 40 lL. The samples were gently shaken for 1 h
at rt and denatured (20 lL of a 10% SDS, 40% glycerol and 2%
DTT solution) boiling at 95 ◦C for 5 min. From the total sample
volume of 60 lL, 20 lL was loaded onto a 15% Tris-HCl gel for
SDS-PAGE. After extensive washing of the developed gel (1–2 h
in water), fluorescence was detected with a Typhoon fluorescence
scanner and each gel was subsequently silver stained.


Labelling of galectin-3 spiked in bacterial and human cell extract
by probe 1


To 40 lL cell lysate (with a protein concentration of 3 lg mL−1)
(or, in lane 1, 40 lL 50 mM HEPES buffer pH 7.4) 0, 1.2 or
3 lL (respectively 0, 20 or 50 ng lane−1) of a 125 lg mL−1 stock
solution of galectin-3 (in HEPES buffer pH 7.4) was added. An
aliquot of 10 lL of probe 1 was added and the total volume was
adjusted to 55 lL. The resulting solutions were photoactivated
and submitted to conjugation to the fluorescein–azide dye 2 and
20 lL from a total sample volume of 150 lL was loaded onto a
gel and visualized as described above.
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Table 1 Characteristics of the identified galectin-3, notably the number of peptides used for identification of the protein, the Mascot score and the
percentage sequence coverage


Protein ID Accession NCBI MW (Da) pI # peptides Mascot score SQ (%)


Galectin-3 gi|48145911 26057 8.60 9 346 35.3


Bacterial protein extraction


E. coli cells (BL21(DE3) from Novagen, OD600 2.2, 1.5 ml) were
pelleted by centrifugation at 5000 rpm for 10 min. The cells were
resuspended in 300 ll of B-Per R© Reagent (Pierce, no. 78243) and
vortexed for 2 min. The homogeneous mixture was centrifuged at
13000 rpm for 5 min. The supernatant was taken for the labeling
studies. Protein concentrations of the solutions were determined
by BCA protein concentration assay, using bovine serum albumin
as a standard.


Human cell protein extraction


Colon cancer cells: 20 mL cell culture (CaCo2 cells, ATCC HTB-
37) was pelleted by centrifugation (5 min 1400 rpm), the medium
was removed, cells were resuspended in PBS and centrifuged again.
The pellet obtained was resuspended in 1 mL lysis buffer (20 mM
HEPES pH 7.4, 10 mM KCl, 1 mM MgCl2, 0.5 mM DTT, 0.1%
Triton X-100 (w/v), 20% glycerol (w/v), 120 mM NaCl), vortexed
for 1 min and centrifuged at 13000 rpm for 5 min. The supernatant
was collected and a protein concentration of 0.8 mg mL−1 was
determined with the use of a Bradford-based protein assay.


Protein identification using mass spectrometry


After fluorescence detection, gels were silver stained and bands
were manually excised. The samples were reduced with dithiothre-
itol (DTT) and treated with iodoacetamide to protect the cysteines.
After treatment with iodoacetamide the samples were dialyzed
against 50 mM ammonium bicarbonate pH 8.5 and digested with
trypsin (Sigma-Aldrich) for 20 h at 37 ◦C. The digested protein
was mixed with 5 mg mL−1 a-cyano-4-hydroxycinnamic acid in
50% acetonitrile and 0.1% TFA and spotted on the MALDI
plate. Matrix-assisted laser desorption/ionization time of flight
(MALDI-TOF) MS peptide mass fingerprints were acquired on
a 4700 proteomics analyzer MALDI-TOF/TOF mass spectrom-
eter (AB 4700 proteomics analyzer, Applied Biosystems). This
instrument is equipped with a 200 Hz Nd/YAG laser operating
at 355 nm. Experiments were done in a reflectron positive ion
mode using delayed extraction. Typically, 2000 shots per spectrum
were acquired in the MS mode and 15000 shots per spectrum in
the MS/MS mode. Internal calibration was done using trypsin
autodigest peaks. The spectra obtained were searched against
the National Center for Biotechnology Information databases for
protein identity using the Mascot search engine (Table 1).
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The synthesis is described of a range of 3-alkylidene-2-oxabicyclo[2.2.1]hept-5-ene and 3-alkylidene-
2-oxabicyclo[2.2.2]oct-5-ene derivatives; Claisen rearrangement of these substrates either thermally
or in the presence of an added Lewis acid results in the formation of bicyclic cyclobutanones with
generally good conversions. These reactions may be performed in hydroxylic solvents, supporting a
largely non-dissociative pathway for the rearrangement.


Introduction


Theoretical and experimental support for a preferred hetero-
Diels–Alder/Claisen rearrangement pathway1 (Scheme 1) for the
overall [2 + 2]-cycloaddition of diphenylketene and cyclopenta-
diene contributed to a revision of the prevailing view2 of the
mechanism of this classical reaction.3 Examples of this sense of
periselectivity in related cycloadditions had been recorded4 but
the significance of these observations and their potential extent
were perhaps under appreciated. In a later account,5 Yamabe and
Machiguchi noted that the course of ketene–diene cycloadditions
is responsive to the nature of the diene. Thus, the first-formed
products from acyclic dienes—largely s-trans—were reported to
be mixtures of [2alkene + 2alkene] and [4diene + 2carbonyl] cycloadducts
whereas those from cyclic dienes—constrained to be s-cis—were
reportedly just the [4 + 2] cycloadducts (such as enol ether 1).
The final, stable, products from these reactions were shown to
be overall [4 + 2] and [2 + 2] adducts from acyclic and cyclic
dienes respectively. Ghosez had reported a similar correlation of
product with diene conformation in his study of the cycloadditions
of dimethylketene dimethyliminium tetrafluoroborate; notably,
[4 + 2] alkene–iminium cycloadducts were obtained with either
cyclopentadiene or cyclohexadiene.6


Following the publication of Yamabe and Machiguchi’s initial
report we sought to address, by experiment,7 some of the questions
raised by their observations: is the formal [3,3]-rearrangement
step an essentially concerted, intramolecular Claisen process, or
is it highly asynchronous or even dissociative, proceeding, in the
latter case, through the free ketene; could we prepare a range of
examples of the bicyclic enol ethers (such as 1) and allow them to
progress to bicyclic cyclobutanones (such as 2) that, for example,
might not be available by formal [2 + 2]-cycloaddition; could we
then prepare these intermediates enriched in one enantiomer as an
alternative access to non-racemic cyclobutanones? In this paper we
describe the results of our efforts to find reliable, flexible methods
for the rational synthesis of the bicyclic enol ethers and detail
the course of Claisen rearrangement of these enol ethers in the
racemic series. We will present the preparation and rearrangement
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Scheme 1 Yamabe–Machiguchi mechanism for cyclic diene + ketene
reaction.


of enantiomerically-enriched substrates in a separate account in
which we draw conclusions about the stereospecificity of the
process, under various reaction conditions, and its potential
application in enantioselective synthesis.


Results and discussion


Because 2-oxabicyclo[2.2.1]heptan-3-one (3, Scheme 2) was
expected8 to be unstable at room temperature, we took the
olefination of the analogous [2.2.2]-lactone 49 as our starting
point. Menger reported10 that Tebbe methylenation of bicyclic
lactones in the [3.3.1] and [3.2.1] series requires special care
and, in our hands, treatment of lactone 4 with freshly-prepared
Tebbe reagent afforded a product of ring-opening, cyclohexenol
derivative 5. Switching to a less Lewis acidic reagent mixture, we
applied Chapleur’s protocol11 to give dichloromethylene bicycle
6 in moderate yield; a slightly higher yield could be obtained
using the anion formed12 by metal–halogen exchange of diethyl
(trichloromethyl)phosphonate but this reaction proved unreliable.
This compound (6) was stable at room temperature but complete
rearrangement (→713) could be achieved in toluene at reflux for
24 h. Clearly, under the traditional conditions for the generation
of dichloroketene (e.g. trichloroacetyl chloride + Zn), and (cyclic)
diene cycloaddition in situ, the so-formed Lewis acid (ZnCl2) is
able to catalyse rearrangement of the putative hetero-Diels–Alder
adduct and that intermediate is simply not seen.
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Scheme 2 Exploratory studies from lactone 4. Reagents and conditions:
(i) Tebbe reagent, pyridine, THF, PhMe, −48 → 20 ◦C, 1.5 h (72% from 4);
(ii) PPh3, CCl4, THF, reflux, 18 h (35%); (iii) Cl3CPO.(OEt)2, LiCl, BuLi,
THF, −78 → 20 ◦C, 2 h (58%); (iv) PhMe, reflux, 24 h (89%).


Attempts to generalise this chemistry met with little success,
largely through our inability to identify flexible conditions for
the olefination; however, a Takai olefination14 gave vinyl silane
8 (Fig. 1) in acceptable yield, but subsequent thermolysis gave
slow conversion to a complex product mixture, the reaction
presumably being complicated by desilylation or rearrangement
of the predicted a-(trimethylsilyl)cyclobutanone. A totally dif-
ferent approach was needed and our attention turned to the
selenoetherification15 of cycloalkenyl trichloromethyl carbinols, an
unprecedented16 reaction that would allow flexibility in the order
of formation of the two alkenes (Scheme 3).


Fig. 1


Scheme 3 Trichloromethyl carbinol cyclisation and double elimination.


This idea was easily tested (Scheme 4) following trichloromethyl
transfer17 to commercially-available aldehyde 20. Of the two
diastereomers formed (16, 1 : 1 ratio) only one cyclised on treat-
ment with NPSP–CSA to afford exo-trichloromethyl selenoether
21 as crystals of suitable quality for X-ray analysis (Fig. 2);18


Scheme 4 Synthesis of a bicyclo[3.2.1] substrate. Reagents and conditions:
(i) CHCl3, DBU, 20 ◦C, 16 h (82%); (ii) NPSP, CSA, CH2Cl2, 0 →
20 ◦C (33%; 66% of theoretical); (iii) aq. H2O2, THF, 0 ◦C, 0.5 h (79%);
(iv) t-BuOK, THF, 0 ◦C, 2 h (81%).


Fig. 2 ORTEP representation of bicyclic selenoether 21.18


presumably, cyclisation of the second diastereomer (to give the
endo-isomer) is hampered by crowding in the transition state
between the sterically demanding trichloromethyl group and the
three-carbon bridge. The sequential eliminations, of selenoxide
and then HCl, proceeded without incident and bicyclic enol ether
22 was obtained in good yield. As expected,10 this substrate
required forcing conditions (benzene, 200 ◦C, sealed tube) to
react and decomposition predominated; however, this sequence
had established the viability of the proposal outlined in Scheme 3
and a substrate (23, Scheme 5) was targeted that was tailored to
cyclise preferentially to a bicyclo[2.2.2] system.


The sequence from carbinol 23 worked well and substrate 25
rearranged cleanly at 80 ◦C to give the formal [2 + 2]-cycloadduct
of dichloroketene and 1,4-dimethylcyclohexa-1,3-diene, 26.19 An-
ticipating an accelerating effect on the [3,3]-rearrangement of a
protic solvent system,20 enol ether 25 was warmed in an NMR
tube in d4-methanol–D2O and, indeed, the reaction was found to
be significantly more rapid, being largely complete within 16 h at
60 ◦C. Importantly, this result strongly supports an intramolecular,
largely non-dissociative, pathway for the rearrangement since any
dichloroketene, formed in a retro-[4 + 2] process, would be rapidly
trapped by the solvent under these conditions.


In the bicyclo[2.2.1] series, cyclisation of trichloromethyl-
carbinol 15 (Scheme 6) proceeded stereoselectively to give the
bicyclic ether 17 as a single diastereomer presumed to be that
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Scheme 5 Synthesis and rearrangement of bicyclo[2.2.2] substrate 25.
Reagents and conditions: (i) methacrolein, ZnCl2, CH2Cl2, 0 → 20 ◦C,
24 h (69%); (ii) LDA, CHCl3, THF, −78 ◦C, 2 h (97%); (iii) NPSP,
CSA, CH2Cl2, 0 → 20 ◦C (89%); (iv) aq. H2O2, THF, 0 ◦C, 0.5 h (90%);
(v) t-BuOK, THF, 0 ◦C, 2 h (quant.); (vi) C6D6, reflux, 27 h (quant.);
(vii) CD3OD, 60 ◦C, 16 h.


Scheme 6 Results in the bicyclo[2.2.1] series. Reagents and conditions:
(i) LDA, CHCl3, THF, −98 → −80 ◦C (53%); (ii) NPSP, CSA, CH2Cl2,
reflux, 16 h (81%); (iii) t-BuOK, THF, 0 → 20 ◦C, 4.25 h (67%); (iv) aq.
H2O2, pyridine, THF, 0 → 20 ◦C, 10 h (quant.).


shown. In this case the elimination steps had to be performed in
the order: (1) loss of HCl; (2) selenoxide elimination. When the
selenoxide elimination was attempted first, no isolable products
could be obtained after standard work-up; it is probable that this
2-oxanorbornene system is unstable with respect to cycloreversion
to cyclopentadiene and chloral.21 Under the conditions of the
selenoxide elimination, the expected bicyclic diene (19) was not
obtained, the product immediately rearranging to the cyclobu-
tanone (28)22 in quantitative yield.


Next, we sought a modification to this chemistry that would
allow flexibility in the range of enol ethers that could be generated,
and a series of plausible olefin precursors (9–13, Fig. 1) was
prepared by methods analogous to those used to prepare the
trichloromethyl derivatives.23 Ultimately, none of these proved
useful; for example, whilst nitrile 12 could be deprotonated (with
LDA) and alkylated a- to the cyano group with benzyl bromide,
we were unable to achieve elimination of cyanide and, under basic
conditions, ring-opening was observed instead.


However, selenocyclisation of dibromomethyl adduct 30
(Scheme 7) and consecutive eliminations led to vinyl bromide 32,
which was envisaged as a potential substrate for cross-coupling
chemistry to give a range of substrates for a study of the influence
of electronic effects on the course of the rearrangement step. The
bromide (32) was produced as a single diastereomer (established


Scheme 7 Reagents and conditions: (i) LDA, CH2Br2, THF, −78 ◦C, 0.5 h
(86%); (ii) NPSP, CSA, CH2Cl2, 0 → 20 ◦C (89%); (iii) t-BuOK, THF, 0 →
20 ◦C, 3 h (91%); (iv) Na2CO3·1.5H2O2, aq. THF, 0 → 20 ◦C, 16 h (91%);
(v) C6D6, 100 ◦C, 10 h (27%); (vi) Me2AlCl, CH2Cl2, 0 ◦C, 10 min (72%).


by NOE as indicated). From the exo-situated dibromomethyl
diastereomer, we ascribe this stereoselectivity to E2-elimination
(reacting groups shown in blue) through a transition state deriving
from conformation II (Fig. 3) above conformation I which suffers
from a steric clash between the retained bromine atom and the
proximal bridgehead methyl group (clashing groups shown in
red); from the endo-diastereomer (that is differentiated from the
exo-isomer solely by the location of the PhSe substituent) an
equivalent interaction in conformation III (red groups) slows
down elimination, favouring reaction through conformation IV.
The influence of the bridgehead methyl group here is supported by
the result of double elimination of HBr from substrate 14 (Fig. 1)
in which both olefin diastereomers were obtained in almost equal
proportion.


Fig. 3 Conformers in the elimination leading to vinyl bromide 32.


We found that bromide 32 rearranged inefficiently in d6-benzene
at 100 ◦C, showing merely a 27% conversion to product after 10 h;
prolonged heating led to significant decomposition. However, of
importance to further work in this area, and of relevance to
the more general observation of formal [2 + 2]-cycloadditions,
the rearrangement could be effected cleanly at 0 ◦C with 0.2
equivalents of dimethylaluminium chloride in dichloromethane;
under these conditions the product (33) was obtained as a 3 : 1
diastereomeric mixture at the carbonyl a-centre.


Two modifications to this route were made (Scheme 8): (1) the
route was shortened and more easily effected on a large scale by
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Scheme 8 Stille cross-coupling route to a variety of aryl-substituted
cyclobutanones. Reagents and conditions: (i) NBS, CSA, CH2Cl2, 0 →
20 ◦C, 4 h (91%); (ii) t-BuOK, THF, 0 → 20 ◦C, 16 h (96%); (iii) t-BuLi,
THF, Me3SnCl, −78 → 20 ◦C, 1 h then (iv) ArI, PdCl2(PPh3)2, DMF,
60 ◦C, 16 h; (v) C6D6, 100 ◦C (see Table 1).


employing bromoetherification to produce the bicyclic structure
because both alkene functions could then be introduced in a single
step by double elimination (→32); (2) because the vinyl bromide
proved unreactive under conventional Stille-type cross-coupling
conditions, stannyl substrate 35 was targeted, the electron rich
enol ether being better suited as the nucleophilic component in
the coupling chemistry. It proved most convenient to quench the
derived vinyl lithium intermediate 34 with trimethyltin bromide
and to simply concentrate the reaction mixture to give a residue
that was taken directly into DMF for Stille cross-coupling.24 In
this way, we avoided exposure of the somewhat unstable stannane
(35) to aqueous reagents and chromatography, with attendant
gains in overall yield; furthermore, the co-formed LiCl/LiBr
was automatically present in the cross-coupling reaction mixture,
with the beneficial25 result of lowering the temperature needed to
achieve successful cross-coupling.


A series of electronically-differentiated para-substituted phenyl
derivatives was prepared in this way (Table 1) and their rear-
rangement chemistry studied. Interestingly, we observed a general
inverse correlation of rate of [3,3]-rearrangement with electron de-
ficiency, the most electron rich substrate (36, entry 1) approaching
completion26 within 10 h at 100 ◦C whilst rearrangement of the
most electron deficient substrate (40, entry 5) was incomplete after
100 h at this temperature. Epimerisation at the carbonyl a-centre
became pronounced in the slower reactions (e.g. entries 4 and 5).


These qualitative rate effects are consistent with the trends
observed in White’s and Goering’s classic studies in which the
Claisen rearrangements of a variety of para-substituted allyl
phenyl ethers were found to be well described by a Hammett


relationship using rp
+ with a negative value of the reaction


constant, q.27


Conclusions


This investigation has led to the development of general routes to
functionalised methylene oxabicyclic compounds in the [2.2.1] and
[2.2.2] series, permitting a study of their Claisen rearrangement
under controlled conditions. A substrate in the [2.2.1] series
rearranged spontaneously under the conditions (selenoxide elimi-
nation) used to form it; in the [2.2.2] series, in the absence of an
added Lewis acid, thermolysis is necessary and there is evidence
of competing cycloreversion over a period of hours at 100 ◦C.


Experimental


General procedure for selenocyclisation


To a stirred solution of the trichloromethyl- or dibromomethyl-
carbinol (0.15 M in dichloromethane) at 0 ◦C was added
camphorsulfonic acid (CSA, 0.1 equivalents) and N-(phenyl-
seleno)phthalimide (NPSP, 1.25 equivalents). After 30 min, the
cooling bath was removed and stirring continued until TLC
analysis showed complete consumption of the starting carbinol
whereupon the mixture was concentrated in vacuo and purified by
column chromatography.


General procedure for bromine–tin exchange and Stille
cross-coupling


To a stirred solution of bromide 32 (0.1 M in THF) at −78 ◦C was
added tert-butyllithium (2.2 equivalents of a 1.7 M solution in
pentane). After 30 min, trimethyltin chloride (1.2 equivalents of a
1.0 M solution in hexanes) was added and, after a further 10 min,
the mixture was allowed to warm to RT and concentrated in vacuo
[Data for stannane 35: dH (200 MHz, C6D6) 0.46 (9 H, s, Sn(CH3)3),
1.10–1.90 (4 H, m, 2 × CH2) overlays 1.32 (3 H, s) and 1.41 (3 H, s,
2 × CH3), 4.51 (1 H, s, =CHSnMe3), 5.96 (1 H, d, J 8.0) and 6.05
(1 H, d, J 8.0, HC=CH)]. The residue was re-dissolved in DMF
(to give a 0.3 M solution), treated with the appropriate aryl iodide
(1.0 equivalent) and PdCl2(PPh3)4 (5 mol%), and the resulting
stirred solution heated to 60 ◦C for 16 h. The mixture was then
allowed to cool to RT then stirred with sat. aq. KF (10 mL mmol−1)
for 10 min and extracted with ether (3 × 20 mL mmol−1). The
combined organic extracts were washed successively with sat. aq.
KF (20 mL mmol−1), 2.0 M aq. K2CO3 (2 × 20 mL mmol−1), water
(20 mL mmol−1) and brine (20 mL mmol−1), and were then dried
over Na2SO4, concentrated in vacuo and the product isolated after
column chromatography.


Table 1 Results for Stille cross-coupling and [3,3]-rearrangement


Entry ArI Enol ether (% yield) Time/h for rearrangement Cyclobutanone (% yield)


1 p-MeOC6H4I 36 (79) 10 42 (78)
2 p-MeC6H4I 37 (77) 16 43 (89)
3 PhI 38 (66) 30 44 (73)
4 p-F3CC6H4I 39 (61) 100 45 (51)
5 p-O2NC6H4I 40 (55) 100 46 (36)
6 2-Iodofuran28 41 (52) 22 47 (67)
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cis-4-(2-Propenyl)cyclohex-2-en-1-ol (5)29


To a stirred solution of lactone 4 (128 mg, 1.03 mmol) in a mixture
of THF (0.5 mL), toluene (1.5 mL) and pyridine (10 lL) at −48 ◦C
was added dropwise Tebbe reagent (4.1 mL of a 0.5 M solution
in toluene, 2.05 mmol). The mixture was stirred for 30 min then
allowed to warm to RT over 90 min before being re-cooled to
−10 ◦C and quenched with NaOH (0.3 mL of a 4.0 M solution,
1.2 mmol). The mixture was allowed to warm to RT, diluted with
ether, dried over Na2SO4 and concentrated in vacuo. Purification by
column chromatography on basic alumina (ethyl acetate) afforded
the product (5) as an oil (102 mg, 72%). Rf not recorded; mmax


(thin film)/cm−1 3381s, br, 2938s, 1642m, 1451m, 1049m, 891m;
dH (400 MHz, C6D6) 1.55–1.81 (4 H, m, 2 × CH2) overlays 1.71
(3 H, s, CH3), 2.56–2.59 (1 H, m, CHC(Me)=CH2), 4.07–4.12
(1 H, m, CHOH), 4.93 (2 H, s, =CH2), 5.73 (1 H, dd, J 10.1, 2.8,
CH=CHCHOH) and 5.90 (1 H, app. dt, J 10.1, 3.0, =CHCHOH);
dC (100 MHz, C6D6) 21.4, 24.0, 30.4, 43.4, 64.8, 111.5, 131.2, 132.8,
148.3; m/z (CI+) 138 (78%, MNH4


+ − H2O), 121 (100, MH+ −
H2O); Accurate Mass: Found: 121.1018; C9H13 (MH+ − H2O)
requires 121.1017.


3-Dichloromethylene-2-oxabicyclo[2.2.2]oct-5-ene (6)


Method A. To a stirred solution of lactone 49 (210 mg,
1.69 mmol) and triphenylphosphine (1.78 g, 6.76 mmol) in THF
(30 mL), at reflux, was added over 2 h a solution of carbon
tetrachloride (3.9 mL, 40.6 mmol) in THF (8 mL), via syringe
pump. Reflux was maintained for a further 18 h. The mixture was
then allowed to cool, poured onto a pH 7.5 buffer solution (30 mL)
and extracted with dichloromethane (3 × 30 mL). The combined
organic extracts were washed with sat. aq. NaHCO3, dried over
MgSO4 and concentrated in vacuo. Column chromatography (4 :
1 petrol : ethyl acetate) gave recovered starting material (118 mg,
56%) and the product (6) (114 mg, 35%) as an oil. Rf 0.67 (1 : 1
petrol : ethyl acetate); mmax (thin film)/cm−1 2941m, 1650m, 1614w,
1458w, 1364m, 1345m, 1297m, 1213s, 1173w, 1154w, 1058m,
1028s; dH (400 MHz, CDCl3) 1.41 (1 H, tdd, J 12.0, 4.6, 2.6), 1.51
(1 H, dddd, J 12.8, 12.0, 3.0, 1.8), 1.75 (1 H, dddd, J 12.4, 9.4,
3.0, 2.6) and 2.12 (1 H, dddd, J 12.8, 9.4, 4.6, 3.6, CH2CH2), 3.89
(1 H, app. dq, J 5.4, 2.6, CHC(OR)=), 5.05 (1 H, app. ddt, J 5.2,
3.6, 1.8, CH(OR)), 6.47–6.54 (2 H, m, HC=CH); dC (100 MHz,
CDCl3) 20.0, 25.4, 34.2, 72.1, 93.0, 132.3, 132.6, 150.5; m/z (CI+)
210 (50%, M(37Cl35Cl)NH4


+), 208 (71, M(35Cl2)NH4
+), 192 (34),


190 (59), 176 (28), 174 (100), 162 (31), 155 (30), 140 (81), 127
(50), 121 (46), 91 (83), 80 (52), 55 (95); Accurate Mass: Found:
208.0294; C8H12NO35Cl2 (MNH4


+) requires: 208.0296.


Method B. To a stirred solution of (trichloromethyl)-
diethylphosphonate30 (893 mg, 3.5 mmol) and LiCl (135 mg,
3.18 mmol) in THF (10 mL) at −78 ◦C was added dropwise n-
butyllithium (1.98 mL of a 1.6 M solution in hexanes, 3.2 mmol).
After 10 min, a solution of lactone 49 (197 mg, 1.59 mmol) in
THF (5 mL) was added in a slow, dropwise fashion and the mixture
allowed to warm to RT. The reaction mixture was then poured onto
water (20 mL) and extracted with ether (3 × 20 mL). The combined
organic extracts were dried over MgSO4 and concentrated in vacuo.
Purification by column chromatography (10 : 1 petrol : ethyl
acetate) gave recovered starting material (20 mg, 10%) and the
product (6) (174 mg, 58%); spectroscopic data as above.


8,8-Dichlorobicyclo[4.2.0]oct-2-en-7-one (7)13


Enol ether 6 (71 mg, 0.37 mmol) was heated under reflux in toluene
(5 mL). After 24 h, the mixture was concentrated in vacuo and the
residue purified by column chromatography (5 : 1 petrol : ethyl
acetate) to afford the product (7) (63 mg, 89%) as an oil. Rf 0.66
(1 : 1 petrol : ethyl acetate); mmax (thin film)/cm−1 2930m, 1801s,
1436w, 1394w, 1343w, 1286w, 1129w, 1094w, 1051w; dH (400 MHz,
CDCl3) 1.65 (1 H, ddt, J 13.6, 10.4, 6.0, COCHCHH′), 2.01–2.22
(3 H, m, COCHCHH ′CHH′), 3.44–3.49 (1 H, m, CHCCl2), 4.12
(1 H, ddd, J 9.2, 6.0, 3.2, CHCO), 5.87–5.90 and 6.07–6.12 (2 H,
m, HC=CH); dC (50 MHz, CDCl3) 18.8, 20.8, 44.2, 53.3, 86.7,
123.0, 132.4, 196.7; m/z (EI+) 192 (4%, M(37Cl35Cl)+), 190 (8), 127
(12), 99 (12), 92 (15), 91 (95), 89 (16), 80 (64), 79 (100).


2,2,2-Trichloro-1-(cyclohex-3-enyl)ethanol (16)


To a stirred solution of 3-cyclohexene-1-carboxaldehyde (20)
(0.59 mL, 5.03 mmol) in chloroform (0.80 mL, 10.1 mmol)
was added dropwise DBU (0.75 mL, 5.03 mmol). Stirring was
continued for a further 16 h before the mixture was diluted with
ethyl acetate (30 mL), washed with hydrochloric acid (10 mL
of a 1 M solution), then dried over MgSO4 and concentrated
in vacuo. Purification by column chromatography (5 : 1 petrol :
ether) gave the product (16) as an oil and a ca. 1 : 1 mixture of
diastereomers (942 mg, 82%) that were not separated. Rf 0.50/0.57
(1 : 1 petrol : ether); mmax (thin film)/cm−1 3436s, br, 2927s, 1665w,
1437m, 1390w, 1329w, 1243w, 1115m, 814s; dH (400 MHz, CDCl3)
1.43–1.54 (1 H, m), 1.71–1.78 (2 H, m), 2.04–2.43 (4 H, m), 2.72–
2.94 (1 H, app. s, OH), 3.93 (0.5 H, dd, J 6.3, 2.9) and 4.05
(0.5 H, dd, J 6.0, 2.7, CHOH), 5.66–5.73 (2 H, m, HC=CH);
dC (50 MHz, CDCl3) 22.1, 25.1, 25.2 (two peaks), 27.2, 31.6,
35.8, 36.3, 85.6, 86.3, 103.8, 104.2, 125.9, 126.1, 126.5, 127.4; m/z
(FI+) 232 (31%, M(37Cl2


35Cl)+), 230 (98, M(37Cl35Cl2)+), 228 (100,
M(35Cl3)+); Accurate Mass: Found: 227.9872; C8H11


35Cl3O (M+)
requires 227.9875.


4-exo-Phenylseleno-7-exo-trichloromethyl-6-
oxabicyclo[3.2.1]octane (21)


Following the general procedure for selenocyclisation, tri-
chloromethyl alcohol 16 (636 mg, 2.77 mmol) gave after column
chromatography (10 : 1 petrol : ether) selenide 21 (352 mg, 33%)
as a yellow solid. [A small sample was crystallised from methanol
by slow evaporation in order to obtain the structure shown in
Fig. 2.] Mp 128–129 ◦C; Rf 0.60 (2 : 1 petrol : ether); mmax (KBr
disc)/cm−1 2937s, 1573w, 1474m, 1365w, 1298w, 1194m, 1067s,
1021s, 933m, 876s; dH (400 MHz, CDCl3) 1.67–1.72 (1 H, m,
SeCHCH2CHH′), 1.86–1.91 (2 H, m, SeCHCHH′CHH ′), 2.06
(1 H, d, J 12.1, CH(OR)CHH′), 2.24–2.34 (1 H, m, SeCHCHH ′),
2.46 (1 H, ddd, J 12.1, 7.5, 6.2, CH(OR)CHH ′), 2.77 (1 H, app. s,
Cl3CHCH), 3.67–3.69 (1 H, m, SeCH), 4.43 (1 H, s, CHCCl3),
4.70 (1 H, dd, J 6.2, 4.1, CH(OR)), 7.23–7.33 (3 H, m) and 7.48–
7.59 (2 H, m, Ph); dC (100 MHz, CDCl3) 23.7, 27.7, 30.4, 38.9,
43.8, 81.8, 91.9, 100.9, 127.6, 129.3, 129.4, 134.0; m/z (CI+) 385
(M(35Cl3


80Se)H+, 11%), 355 (12), 353 (56), 351 (100), 349 (45), 347
(13), 317 (34), 315 (65), 157 (32), 123 (30), 94 (32), 93 (36), 91 (35),
81 (83), 78 (74), 58 (29), 45 (28), 44 (37); Found; C 43.74, H 3.93
C14H15Cl3OSe requires C 43.76, H 3.94%.
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7-Trichloromethyl-6-oxabicyclo[3.2.1]oct-3-ene


To a stirred solution of selenide 21 (143 mg, 0.37 mmol) in
THF (2.5 mL) at 0 ◦C was added dropwise a solution of H2O2


(0.05 mL of a 35% w/v aq. solution) in THF (0.5 mL). After
stirring for 2 h, the mixture was diluted with ether (50 mL),
washed successively with water (20 mL) and brine (20 mL), dried
over MgSO4 and concentrated in vacuo. Purification by column
chromatography (10 : 1 petrol : ether) afforded the title alkene
as an oil (67 mg, 79%). Rf 0.60 (2 : 1 petrol : ether); mmax (thin
film)/cm−1 2966s, 1632w, 1454m, 1434m, 1292m, 1263m, 1121w,
1082s; dH (400 MHz, CDCl3) 1.80 (1 H, d, J 10.9, CH(OR)CHH′),
2.19–2.25 (1 H, m, CH=CHCHH), 2.35 (1 H, ddd, J 10.9, 5.9, 5.2,
CH(OR)CHH ′), 2.53 (1 H, ddd, J 18.2, 5.9, 2.4, CH=CHCHH ′),
2.78–2.82 (1 H, app. s, CHCH(CCl3)), 4.31 (1 H, s, CHCCl3), 4.60
(1 H, app. t, J 5.2, CH(OR)), 5.72–5.79 (1 H, m) and 6.02–6.08
(1 H, m, HC=CH); dC (100 MHz, CDCl3) 32.9, 35.0, 38.6, 74.3,
93.1, 100.3, 128.5, 130.0.


7-Dichloromethylene-6-oxabicyclo[3.2.1]oct-3-ene (22)


To a stirred solution of 7-trichloromethyl-6-oxabicyclo[3.2.1]oct-
3-ene (46 mg, 0.20 mmol) in THF (2 mL) at 0 ◦C was added
potassium tert-butoxide (45 mg, 0.40 mmol) in one portion. After
2 h, TLC analysis showed complete consumption of starting
material. The mixture was poured onto water (10 mL) and
extracted with ether (3 × 10 mL). The combined organic extracts
were dried over MgSO4 and concentrated in vacuo to afford the
product (22) as an oil (31 mg, 81%). Rf 0.55 (2 : 1 petrol : ether);
mmax (thin film)/cm−1 2983m, 1664s, 1632w, 1383m, 1192s, 1147s,
1119s, 1013s, 980s; dH (400 MHz, CDCl3) 2.01 (1 H, d, J 10.8) and
2.22 (1 H, app. dt, J 10.8, 5.4, CH(OR)CH2), 2.38–2.53 (2 H, m,
CH2CH=), 3.35 (1 H, app. s, CHC(CCl2)), 4.76 (1 H, app. t, J 5.4,
CH(OR)), 5.81–5.90 (1 H, m) and 6.04–6.11 (1 H, m, HC=CH);
dC (100 MHz, CDCl3) 31.3, 35.1, 38.6, 76.3, 95.7, 128.5, 130.2,
157.0.


1,4-Dimethyl-3-cyclohexene-1-carboxaldehyde (29)31


To a rapidly stirred mixture of isoprene (7.5 mL, 75.0 mmol),
ZnCl2 (2.56 g, 18.8 mmol) and hydroquinone (several crystals)
in dichloromethane (75 mL) at 0 ◦C was added dropwise
methacrolein (6.0 mL, 72.5 mmol). After 15 min the cooling
bath was removed and stirring continued for a further 24 h. The
mixture was then diluted with ether (100 mL), washed with sat.
aq. NaHCO3 (75 mL), dried over MgSO4 and the solvent removed
in vacuo. Reduced pressure distillation (86 ◦C @ 24 mmHg (lit.31


70–75 ◦C @ 30 mmHg)) afforded the product (29) as a colourless
oil (6.95 g, 69%, contaminated with ca. 5% of the inseparable
regioisomer); mmax (thin film)/cm−1 2916s, 1728s, 1438s, 1377m,
1017m, 911m; dH (400 MHz, CDCl3) 0.96 (3 H, s, CH3CCHO),
1.43 (1 H, dt, J 13.5, 7.0, CH2CHH′CCHO), 1.56 (3 H, d,
J 0.9, CH3C=), 1.68–1.90 (2 H, m, CH2CHH ′CCHO overlays
=CHCHH′), 1.85–1.89 (2 H, m, CH2C(Me)=), 2.21–2.28 (1 H,
m, =CHCHH ′), 5.28–5.30 (1 H, m, CH=), 9.39 (1 H, s, CHO); dC


(100 MHz, CDCl3) 20.6, 23.3, 26.8, 28.9, 31.7, 44.2, 118.3, 133.5,
205.9; m/z (CI+) 156 (92%, MNH4


+), 153 (20), 139 (58, MH+),
138 (97), 123 (41), 110 (23), 109 (85), 95 (100), 94 (34), 91 (22), 81
(29), 58 (30), 50 (26), 44 (50).


2,2,2-Trichloro-1-(1,4-dimethylcyclohex-3-enyl)ethanol (23)


To a stirred solution of diisopropylamine (0.59 mL, 4.22 mmol) in
THF (5 mL) at 0 ◦C was added dropwise butyllithium (2.6 mL of
a 1.6 M solution in hexanes, 4.22 mmol). Stirring was continued
for 30 min before this solution was added via cannula, in a slow
dropwise fashion, to a stirred solution of aldehyde 29 (530 mg,
3.83 mmol) and chloroform (0.61 mL, 7.67 mmol) in THF (10 mL)
at −78 ◦C. After 2 h the mixture was quenched with hydrochloric
acid (5 mL of a 1 M solution), allowed to warm to RT, poured onto
water (20 mL) and extracted with ether (3 × 20 mL). The combined
organic extracts were dried over MgSO4 and concentrated in vacuo.
Purification by column chromatography (10 : 1 petrol : ether)
afforded the product (23), a mobile oil, as a ca. 1 : 1 mixture of
diastereomers (953 mg, 97%). Rf 0.50 (2 : 1 petrol : ether); mmax (thin
film)/cm−1 3468s, br, 2966s, 1640w, 1446m, 1381, 1288w, 1226w,
1172w, 1058m, 818s; dH (400 MHz, CDCl3) 1.17 and 1.18 (3 H, 2
× s, CH3CCHOH), 1.64 and 1.67 (3 H, 2 × s, CH3C=), 1.82–1.89
(2 H, m), 2.04–2.06 (3 H, m), 2.38 (0.5 H, d, J 16.9) and 2.61 (0.5 H,
d, J 18.0, 3 × CH2), 3.17 (0.5 H, d, J 6.0) and 3.22 (0.5 H, d, J
5.8, OH), 3.93 (0.5 H, d, J 6.0) and 3.95 (0.5 H, d, J 5.8, CHOH),
5.27–5.30 (1 H, m, CH=); dC (100 MHz, CDCl3) 19.9, 20.3, 20.4,
23.2, 26.8, 27.0, 32.0, 32.6, 36.6 (two peaks), 38.9, 39.0, 86.4, 87.1,
103.9 (two peaks), 119.1 (two peaks), 132.1, 132.4; m/z (FI+) 258
(67%, M(37Cl35Cl2)+), 256 (100, M(35Cl3)+); Accurate mass: Found:
256.0179; C10H15


35Cl3O (M+) requires 256.0188.


1,4-Dimethyl-3-trichloromethyl-6-phenylseleno-2-
oxabicyclo[2.2.2]octane (24)


Following the general procedure for selenocyclisation, tri-
chloromethyl alcohol 23 (313 mg, 1.22 mmol) gave, after column
chromatography (15 : 1 petrol : ether), selenide 24 (447 mg, 89%)
as an oil and as a ca. 1 : 1 mix of diastereomers. Rf 0.68 (2 : 1
petrol : ether); mmax (thin film)/cm−1 2935s, 1579m, 1477s, 1437s,
1353w, 1201m, 1072s, 1021s; dH (400 MHz, CDCl3) 1.18 (3 H, s,
CH3CCH(OR)), 1.29 (1.5 H, s) and 1.31 (1.5 H, s, CH3C(OR)),
1.40–1.45 (1 H, m), 1.49–1.56 (1 H, m), 1.61–1.75 (1 H, m), 1.78–
1.87 (0.5 H, m), 1.89–1.98 (0.5 H, m), 2.14 (0.5 H, ddd, J 14.0, 12.0,
2.8), 2.25–2.38 (1 H, m) and 3.01 (0.5 H, ddd, J 14.8, 10.8, 3.6, 3 ×
CH2), 3.64 (0.5 H, ddd, J 10.8, 5.6, 2.8) and 3.76 (1 H, ddd, J 10.8,
6.8, 2.8, CHSePh), 4.14 (0.5 H, s) and 4.20 (0.5 H, s, CH(OR)),
7.26–7.34 (3 H, m) and 7.54–7.59 (2 H, m, Ph); dC (100 MHz,
CDCl3) 24.7, 25.0, 25.5, 25.8, 28.7, 29.1, 35.0, 35.1, 37.8, 39.1,
44.6, 45.2, 50.8, 51.0, 75.5, 76.0, 89.7, 90.1, 101.1, 101.2, 127.4,
127.5, 129.2 (two peaks), 130.1, 130.2, 133.8, 133.9; m/z (CI+) 417
(12%, M(37Cl2


35Cl80Se and 37Cl3
78Se)H+), 415 (30, M(37Cl35Cl2


80Se
and 37Cl2


35Cl78Se)H+), 413 (38, M(35Cl3
80Se and 37Cl35Cl2


78Se)H+),
411 (15, M(35Cl3


78Se)H+), 381 (66), 379 (100), 377 (52), 375 (15),
345 (51), 343 (94), 341 (52), 309 (19); Accurate Mass: Found:
412.9757; C16H20Cl3O80Se requires 412.9745.


1,4-Dimethyl-3-trichloromethyl-2-oxabicyclo[2.2.2]oct-5-ene


To a stirred solution of selenide 24 (445 mg, 1.08 mmol) in
THF (7.5 mL) at 0 ◦C was added dropwise a solution of H2O2


(0.16 mL of a 35% w/v aq. solution, 1.62 mmol) in THF (1.6 mL).
Stirring was continued for 4 h before the mixture was diluted
with ether (50 mL), washed with water (2 × 20 mL), dried over
MgSO4 and concentrated in vacuo. Column chromatography (20 : 1
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petrol : ether) gave the title alkene as an oil and as a ca. 1 : 1 mixture
of diastereomers (249 mg, 90%). Rf 0.66 (2 : 1 petrol : ether); mmax


(thin film)/cm−1 2934s, 1464m, 1380m, 1210w, 1116w, 1051s; dH


(400 MHz, CDCl3) 1.11 (0.5 H, dddd, J 12.8, 12.0, 5.8, 1.3) and
1.27 (0.5 H, td, J 12.0, 5.4, MeC(OR)CH2CHH′), 1.38–1.49 (1 H,
m, MeC(OR)CHH′) overlays 1.45 (2 × 1.5 H, 2 × s), 1.46 (1.5 H, s)
and 1.47 (1.5 H, s, 2 × CH3), 1.61–1.68 (0.5 H, m), 1.88 (0.5 H, ddd,
J 12.8, 9.2, 5.4), 2.01 (0.5 H, ddd, J 13.2, 9.4, 5.8) and 2.40 (0.5 H,
ddd, J 12.8, 9.4, 2.0, MeC(OR)CHH ′CHH ′), 3.77 (0.5 H, d, J
1.0) and 4.15 (0.5 H, d, J 1.3, CHCCl3), 6.06 (0.5 H, d, J 9.0) and
6.16–6.21 (1.5 H, m, HC=CH); dC (100 MHz, CDCl3) 22.9, 23.6,
23.7, 23.8, 26.6, 32.9 (two peaks), 35.0, 38.8, 40.0, 72.6, 72.9, 88.5,
90.1, 100.6, 101.0, 135.3, 136.0, 136.7, 142.4; m/z (CI+) 259 (27%,
M(37Cl2


35Cl)H+), 257 (84, M(37Cl35Cl2)H+), 255 (88, M(35Cl3)H+),
202 (25), 187 (34), 185 (100), 151 (80), 111 (80), 109 (80), 107 (31),
91 (20); Accurate Mass: Found: 255.0114; C10H14


35Cl3O (MH+)
requires 255.0110.


3-Dichloromethylene-1,4-dimethyl-2-oxabicyclo[2.2.2]oct-5-ene
(25)


To a stirred solution of 1,4-dimethyl-3-trichloromethyl-2-
oxabicyclo[2.2.2]oct-5-ene (185 mg, 0.72 mmol) in THF (7.5 mL)
at 0 ◦C was added in one portion potassium tert-butoxide (326 mg,
2.90 mmol). After stirring for 15 min, the cooling bath was
removed and stirring continued for 8 h whereupon TLC analysis
showed complete consumption of starting material. The mixture
was poured onto water (20 mL) and extracted with ether (3 ×
20 mL). The combined organic extracts were dried over MgSO4


and concentrated in vacuo to afford the enol ether (25), as an oil
(158 mg, 100%) that required no further purification. Rf 0.54 (2 : 1
petrol : ether); mmax (thin film)/cm−1 2936s, 1613m, 1460m, 1383m,
1223m, 1100s, 1062m, 995s; dH (400 MHz, CDCl3) 1.31 (1 H, td, J
11.6, 4.8, MeC(OR)CH2CHH′), 1.56 (1 H, ddd, J 12.6, 11.6, 3.2,
MeC(OR)CHH′) overlays 1.57 (3 H, s, CH3CC(OR)=), 1.67 (3 H,
s, CH3CO), 1.76–1.82 (1 H, m, MeC(OR)CH2CHH ′), 1.92 (1 H,
ddd, J 12.6, 9.6. 4.8, MeC(OR)CHH ′), 6.11 (1 H, d, J 7.8) and
6.24 (1 H, d, J 7.8, HC=CH); dC (100 MHz, CDCl3) 23.1, 23.4,
32.2, 33.6, 40.7, 76.8, 95.1, 135.9, 138.0, 152.5; m/z (CI+) 219
(11%, M(35Cl2)H+), 151 (100), 109 (74), 108 (52); Accurate Mass:
Found: 219.0347; C10H13


35Cl2O (MH+) requires: 219.0343.


8,8-Dichloro-3,6-dimethylbicyclo[4.2.0]oct-2-en-7-one (26)19


Method A. An NMR sample of enol ether 25 (28 mg,
0.13 mmol) in d6-benzene (0.5 mL) was heated under reflux for
27 h whereupon analysis by 1H NMR spectroscopy showed clean
and complete conversion to cyclobutanone 26. Rf 0.52 (2 : 1 petrol :
ether); mmax (thin film)/cm−1 2931m, 1802s, 1446m, 870w, 804m; dH


(400 MHz, C6D6) 1.09 (1 H, ddd, J 12.8, 7.2, 4.4, CHH′C(Me)CO),
1.14 (3 H, s, CH3CCO), 1.35–1.49 (1 H, m, CHH ′C(Me)CO), 1.57–
1.58 (1 H, m, =C(Me)CHH′) overlays (3 H, s, CH3C=), 1.79 (1 H,
ddd, J 13.4, 7.0, 5.2, =C(Me)CHH ′), 2.93 (1 H, d, J 1.9, CHCCl2),
5.44 (1 H, d, J 1.9, CH=); dC (100 MHz, C6D6) 21.2, 23.4, 26.3,
29.2, 54.1, 58.3, 87.9, 117.3, 140.1, 201.1; m/z (CI+) 221 (62%,
M(37Cl35Cl)H+), 219 (100, M(35Cl2)H+), 168 (27), 151 (22), 141
(25), 108 (22).


Method B. An NMR sample of enol ether 25 (21 mg,
0.10 mmol) in 4 : 1 CD3OD : D2O (0.5 mL) was heated to 60 ◦C for


16 h whereupon 1H NMR analysis recorded ca. 90% conversion.
dH (200 MHz, 4 : 1 CD3OD : D2O) key peaks only, sample not
purified: 1.50 (3 H, s, CH3CCO), 1.86 (3 H, s, CH3C=), 3.22–3.30
(1 H, m, CHCCl2), 5.15–5.22 (1 H, m, CH=).


2,2,2-Trichloro-1-(3-cyclopentenyl)ethanol (15)


To a stirred solution of diisopropylamine (0.68 mL, 4.88 mmol) in
THF (10 mL) at 0 ◦C was added dropwise butyllithium (2.77 mL of
a 1.6 M solution in hexanes, 4.43 mmol) and stirring continued for
30 min before cooling to −98 ◦C and slow addition of chloroform
(0.39 mL, 4.88 mmol). After 15 min a solution of 3-cyclopentene-1-
carboxaldehyde32 (213 mg, 2.22 mmol) in THF (5 mL) was added
and the mixture allowed to warm to −80 ◦C before quenching
with hydrochloric acid (5 mL of a 1 M aqueous solution). The
mixture was then allowed to warm to RT, poured onto water
(20 mL) and extracted with ether (3 × 20 mL). The combined
organic extracts were dried over MgSO4 and concentrated in vacuo.
Purification by column chromatography (10 : 1 petrol : ether) gave
the product (15) as an oil (254 mg, 53%). Rf 0.45 (2 : 1 petrol :
ether); mmax (thin film)/cm−1 3460brs, 2946s, 1614w, 1450w, 1380w,
1347w, 1120w, 1049w; dH (400 MHz, CDCl3) 2.30–2.48 (2 H, m,
2 × CHH′), 2.57–2.64 (2 H, m, 2 × CHH ′), 2.99 (1 H, app. quind,
J 8.8, 4.0, CHCHOH), 3.21 (1 H, d, J 5.6, OH), 4.18 (1 H, dd,
J 5.6, 4.0, CHOH), 5.61–5.72 (2 H, m, CH=CH); dC (100 MHz,
CDCl3) 33.1, 36.6, 39.9, 84.6, 104.0, 129.4, 130.1; m/z (FI+) 218
(31%, M(37Cl2


35Cl)+), 216 (100), 214 (90); Accurate mass: Found:
213.9716; C7H9


35Cl3O (M+) requires: 213.9719.


6-Phenylseleno-3-trichloromethyl-2-oxabicyclo[2.2.1]heptane (17)


To a stirred solution of trichloromethyl alcohol 15 (152 mg,
0.71 mmol) and CSA (16 mg, 0.07 mmol) in dichloromethane
(10 mL) at reflux was added over 2 h a solution of NPSP (426 mg,
1.41 mmol) in dichloromethane (5 mL). Reflux was maintained
for a further 14 h before the mixture was concentrated in vacuo.
Purification by column chromatography (15 : 1 petrol : ether) gave
the product (17) as a solid (215 mg, 81%). Rf 0.63 (2 : 1 petrol :
ether); mp 94–95 ◦C; mmax (KBr disc)/cm−1 2886m, 1442m, 1277m,
1151m, 1067m, 1044m, 896s, 808s, 705s; dH (400 MHz, CDCl3) 1.62
(1 H, ddd, J 13.2, 5.6, 3.8, CHH′CHSe), 1.78 (1 H, dd, J 11.2, 3.0,
apical-CHH′), 2.09 (1 H, ddd, J 13.2, 8.2, 2.4, CHH ′CHSe), 2.45
(1 H, app. dquin, J 11.2, 2.4, apical-CHH ′), 2.93 (1 H, d, J 3.8,
CH(CCl3)CH), 3.50 (1 H, ddd, J 8.2, 5.6, 2.4, CHSe), 4.00 (1 H, s,
CHSeCH(OR)), 4.49 (1 H, d, J 3.0, CHCCl3), 7.31–7.34 (3 H, m)
and 7.52–7.55 (2 H, m, Ph); dC (100 MHz, CDCl3) 31.9, 36.6, 41.1,
41.5, 82.5, 91.5, 99.4, 127.6, 129.3, 129.8, 133.2; m/z (CI+) 375
(30%, M(37Cl3


78Se and 37Cl2
35Cl80Se)H+), 373 (82, M(37Cl2


35Cl78Se
and 37Cl35Cl2


80Se)H+), 371 (98, M(37Cl35Cl2
78Se and 35Cl3


80Se)H+),
369 (46, M(35Cl3


78Se)H+), 339 (65), 337 (100), 335 (50), 303 (290),
301 (67), 299 (32), 109 (27), 78 (68), 67 (34); Accurate mass: Found:
370.9280; C13H14Cl3O80Se (MH+) requires: 370.9275.


3-Dichloromethylene-6-phenylseleno-2-oxabicyclo[2.2.1]heptane
(27)


To a stirred solution of bicycle 17 (319 mg, 0.86 mmol) in THF
(9 mL) at 0 ◦C was added potassium tert-butoxide (386 mg,
3.44 mmol). After 15 min, the cooling bath was removed and
stirring continued a further 4 h whereupon the mixture was poured
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onto NaHCO3 (20 mL of a sat. aq. solution) and extracted with
ether (3 × 20 mL). The combined organic extracts were dried
over Na2SO4 and concentrated in vacuo. Purification by column
chromatography (10 : 1 petrol : ether + 1% triethylamine) afforded
the product (27) (192 mg, 67%) as a yellow oil; Rf 0.67 (2 : 1
petrol : ether); mmax (thin film)/cm−1 2959m, 1675s, 1578m, 1476s,
1438s, 1317s, 1271m, 1179s, 1100s, 1036w, 993s; dH (400 MHz,
CDCl3) 1.71 (1 H, ddd, J 13.2, 5.2, 4.0, SeCHCHH′), 1.98 (1 H
app. dpent, J 11.0, 1.6) and 2.07 (1 H, dd, J 11.0, 1.4, apical-
CH2), 2.22 (1 H, ddd, J 13.2, 8.4, 1.6, CHH ′CHSePh), 3.42 (1 H,
d, J 2.4, CHC(OR)=), 3.56 (1 H, ddd, J 8.4, 5.2, 1.6, CHSe),
4.72 (1 H, app. s (unresolved m), CHOC=), 7.31–7.35 (3 H, m)
and 7.51–7.57 (2 H, m, Ph); dC (100 MHz, CDCl3) 33.5, 37.0,
40.6, 41.9, 85.6, 92.6, 127.8, 129.4 (two peaks), 133.6, 155.3;
m/z (CI+) 339 (19%, M(37Cl2


80Se)H+), 337 (62, M(37Cl2
78Se and


35Cl37Cl80Se)H+), 335 (100, M(35Cl2
80Se and 35Cl37Cl78Se)H+), 333


(41, M(35Cl2
78Se)H+), 178 (14), 157 (13); Accurate Mass: Found:


334.9450; C13H12
35Cl2O80Se requires: 334.9509.


7,7-Dichlorobicyclo[3.2.0]hept-2-en-6-one (28)22


To a stirred solution of selenide 27 (192 mg, 0.57 mmol) in THF
(3.5 mL) at 0 ◦C was added sequentially pyridine (0.07 mL,
0.86 mmol) and a solution of H2O2 (0.09 mL of a 35% w/v
aq. solution, 0.86 mmol) in THF (0.9 mL). After 10 min, the
cooling bath was removed and stirring continued a further 10 h
whereupon the mixture was poured onto water (15 mL) and
extracted with ether (3 × 15 mL). The combined organic extracts
were washed successively with sat. aq. NaHCO3 (15 mL), 10%
aq. Na2S2O3 (15 mL), water (15 mL) and brine (15 mL) before
drying over MgSO4 and concentration in vacuo. Purification by
column chromatography (20 : 1 petrol : ether) gave the product
(28) (100 mg, 99%) as a colourless oil; Rf 0.59 (2 : 1 petrol : ether);
dH (400 MHz, CDCl3) 2.58 (1 H, app. ddq, J 17.6, 8.8, 2.1, CHH′),
2.83 (1 H, dm, J 17.6, CHH ′), 4.06–4.10 (1 H, m, CHCCl2), 4.27
(1 H, dddd, J 8.8, 7.3, 1.2, 0.4, CHCO), 5.79–5.83 (1 H, m) and
6.04–6.07 (1 H, m, HC=CH); dC (100 MHz, CDCl3) 35.2, 58.6,
59.5, 88.0, 128.4, 136.8, 197.8.


2,2-Dibromo-1-(1,4-dimethylcyclohex-3-enyl)ethanol (30)


To a stirred solution of diisopropylamine (2.33 mL, 16.6 mmol)
in THF (10 mL) at 0 ◦C was added butyllithium (9.4 mL of a
1.6 M solution in hexanes, 15.1 mmol). After 30 min this solution
was added dropwise via cannula to a −78 ◦C stirred solution of
aldehyde 29 (1.39 g, 10.1 mmol) and dibromomethane (2.12 mL,
30.2 mmol) in THF (20 mL) over ca. 30 min. After a further 5 min,
the mixture was poured onto 1 M hydrochloric acid (75 mL) and
extracted with ether (3 × 50 mL). The combined organic extracts
were washed successively with water (50 mL) and brine (50 mL),
dried over MgSO4 and concentrated in vacuo. Purification by
column chromatography (15 : 1 petrol : ether) gave the product (30)
(2.71 g, 86%), a ca. 1 : 1 mixture of diastereomers, as a colourless
oil; Rf 0.43 (4 : 1 petrol : ether); mmax (thin film)/cm−1 3463s, br,
2914s, 1446s, 1379s, 1206m, 1146m, 1082s, 1031m; dH (400 MHz,
CDCl3) 1.03 (3 H, s, CH3CCH(OH)), 1.24–1.32 (0.5 H, m), 1.34–
1.43 (0.5 H, m), 1.48–1.58 (1 H, m), 1.66–1.77 (1 H, m), 1.87–2.02
(2 H, m) and 2.17–2.23 (1 H, m, 3 × CH2) overlays 1.64 (1.5 H,
s) and 1.65 (1.5 H, s, CH3C=), 2.54 (1 H, app. br s, OH), 3.81


(0.5 H, app. s) and 3.86 (0.5 H, app. s, CHOH), 5.26–5.29 (1 H,
m, CH=), 6.10 (0.5 H, d, J 1.2) and 6.14 (0.5 H, d, J 1.2, CHBr2);
dC (100 MHz, CDCl3) 19.1, 19.6, 23.2, 23.3, 26.7, 26.9, 30.7, 31.6,
34.6, 34.8, 37.6, 37.7, 48.8, 48.9, 82.7, 83.0, 118.2, 119.0, 132.2,
133.2; m/z (CI+) 313 (10%, M(81Br79Br)H+), 215 (13), 213 (12),
153 (32), 151 (59), 135 (58), 134 (19), 133 (31), 109 (100), 108 (46);
Accurate Mass: Found: 310.9642; C10H17


79Br2O (MH+) requires:
310.9646.


3-Dibromomethyl-1,4-dimethyl-6-phenylseleno-2-
oxabicyclo[2.2.2]octane (31)


Following the general procedure for selenocyclisation, halo-
carbinol 30 (1.87 g, 6.0 mmol), gave, after column chromatography
(50 : 1 petrol : ether), selenide 31 (2.49 g, 89%), a ca. 1 : 1 mixture
of diastereomers, as a yellow oil; Rf 0.54 (4 : 1 petrol : ether);
mmax (thin film)/cm−1 2931s, 1578m, 1464s, 1380m, 1350w, 1300w,
1231m, 1145s, 1073s, 1022s; dH (400 MHz, CDCl3) 0.92 (1.5 H,
s) and 0.96 (1.5 H, s, CH3CCH(OR)), 1.29 (3 H, s, CH3C(OR)),
1.35–1.58 (2.5 H, m), 1.65 (0.5 H, dd, J 13.8, 5.7), 1.81–1.89 (1 H,
m), 2.04–2.20 (1 H, m), 2.25 (0.5 H, ddd, J 14.4, 11.0, 3.8) and
2.87 (0.5 H, ddd J 14.8, 10.9, 3.6, 3 × CH2), 3.65 (0.5 H, ddd,
J 10.6, 5.7, 2.6) and 3.81 (0.5 H, ddd, J 10.9, 6.2, 2.8, CHSe),
4.06 (0.5 H, d, J 3.2) and 4.11 (0.5 H, d, J 1.6, CH(OR)), 5.84–
5.85 (1 H, m, CHBr2), 7.26–7.30 (3 H, m) and 7.51–7.61 (2 H, m,
Ph); dC (100 MHz, CDCl3) 22.3, 23.4, 25.7, 25.8, 26.7, 28.4, 29.4,
34.1, 34.7, 36.6, 38.5, 45.1, 45.2, 45.4, 45.9, 47.1, 74.6, 75.0, 85.2,
85.5, 127.3, 127.4, 129.1 (two peaks), 130.1, 130.3, 133.7, 133.8;
m/z (CI+) 467 (8%, M(79Br2


80Se and 79Br81Br78Se)H+), 224 (14),
207 (10), 131 (27), 70 (100); Accurate Mass: Found: 466.9113;
C16H21


79Br2O80Se (MH+) requires: 466.9124.


3-(Z)-Bromomethylene-1,4-dimethyl-6-phenylseleno-2-
oxabicyclo[2.2.2]octane


To a stirred solution of dibromide 31 (225 mg, 0.48 mmol) in
THF (5 mL) at 0 ◦C was added potassium tert-butoxide (216 mg,
1.93 mmol). After 15 min, the cooling bath was removed and
stirring continued a further 3 h whereupon the mixture was poured
onto water (20 mL) and extracted with ether (3 × 20 mL). The
combined organic extracts were washed with water (20 mL) and
brine (20 mL), dried over MgSO4 and concentrated in vacuo.
Purification by column chromatography (15 : 1 petrol : ether)
gave the title compound as a yellow oil (168 mg, 91%); Rf


0.55 (4 : 1 petrol : ether); mmax (thin film)/cm−1 2931s, 1578s,
1465s, 1380s, 1350m, 1300w, 1231m, 1145s, 1073s, 1022s; dH


(400 MHz, C6D6) 0.67 (3 H, s, CH3CC(OR)), 1.26–1.31 (2 H,
m, MeC(OR)CHH′CHH′), 1.40 (3 H, s, CH3C(OR)), 1.48–1.60
(2 H, m, MeC(OR)CH2CHH ′ overlays SeCHCHH′), 1.90 (1 H,
app. tdd, J 12.6, 2.0, 1.0, SeCHCHH ′), 2.06–2.13 (1 H, m,
MeC(OR)CHH ′), 3.47 (1 H, ddd, J 12.6, 6.0, 2.8, CHSe), 4.87
(1 H, s, CHBr), 7.02–7.09 (3 H, m) and 7.37–7.45 (2 H, m,
Ph); dC (100 MHz, C6D6) 22.2, 25.6, 29.3, 32.3, 36.0, 43.0, 46.7,
73.6, 79.2, 127.8, 129.6, 130.6, 134.1, 161.8; m/z (CI+) 389 (32%,
M(81Br80Se)H+), 387 (41, M(81Br78Se and 79Br80Se)H+), 385 (21,
M(79Br78Se)H+), 307 (11), 231 (15), 153 (53), 151 (100), 148 (60),
122 (31), 109 (43), 107 (40), 93 (31), 78 (57), 70 (42); Accu-
rate Mass: Found: 386.9865; C16H20


79BrO80Se (MH+) requires:
386.9863.
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3-(Z)-Bromomethylene-1,4-dimethyl-2-oxabicyclo[2.2.2]oct-5-ene
(32)


Method A. To a stirred solution of 3-(Z)-bromomethylene-
1,4-dimethyl-6-phenylseleno-2-oxabicyclo[2.2.2]octane (306 mg,
0.79 mmol) in THF (5 mL) and water (2 mL) at 0 ◦C was
added Na2CO3·1.5H2O2 (248 mg, 1.58 mmol). After 15 min, the
cooling bath was removed and stirring continued 16 h, whereupon
the mixture was poured onto water (20 mL) and extracted with
ether (3 × 20 mL). The combined organic extracts were washed
with water (20 mL) and brine (20 mL), dried over MgSO4 and
concentrated in vacuo. Purification by column chromatography
(50 : 1 petrol : ether) gave the product (32) (164 mg, 91%) as an
oil; Rf 0.55 (4 : 1 petrol : ether); mmax (thin film)/cm−1 2961s, 1641s,
1454m, 1380m, 1367m, 1325m, 1272m, 1245m, 1107s, 1084s, 940s;
dH (400 MHz, C6D6) 0.93–1.06 (1 H, m, MeC(OR)CH2CHH′)
obscured by 1.00 (3 H, s, CH3CC(OR)), 1.15 (1 H, ddd, J 12.6,
12.0, 3.0, MeC(OR)CHH′), 1.31 (1 H, ddd, J 12.0, 9.4, 3.0,
MeC(OR)CH2CHH ′), 1.41 (3 H, s, CH3CO), 1.67 (1 H, ddd, J
12.6, 9.4, 5.0, MeC(OR)CHH ′), 4.88 (1 H, s, =CHBr), 5.84 (1 H, d,
J 7.9) and 5.93 (1 H, d, J 7.9, HC=CH); dC (100 MHz, C6D6) 20.2,
23.2, 31.7, 33.8, 40.6, 72.0, 76.6, 135.5, 137.4, 159.9; m/z (CI+)
248 (22%, M(81Br)NH4


+), 246 (20), 231 (41), 229 (40), 168 (25),
108 (100), 93 (22); Accurate Mass: Found: 229.0230; C10H14


79BrO
(MH+) requires: 229.0228.


Method B. To a stirred solution of 3-dibromomethyl-
6-bromo-1,4-dimethyl-2-oxabicyclo[2.2.2]octane (prepared from
halocarbinol 30 as detailed below) (163 mg, 0.42 mmol) in THF
(4 mL) at 0 ◦C was added potassium tert-butoxide (374 mg,
3.34 mmol). After 15 min, the cooling bath was removed and
stirring continued for 16 h. The mixture was then poured onto
water (10 mL) and extracted with ether (3 × 10 mL), The
combined organic extracts were washed with water (10 mL) and
brine (10 mL), dried over MgSO4 and concentrated in vacuo.
Purification, as above, gave the product (32) (93 mg, 96%); data as
above.


Method C (variant of Method B). Following the individually
detailed procedures with no intermediate purification aldehyde 29
(5.35 g, 38.8 mmol) afforded bromoenol ether 32 (5.4 g, 61% over
three steps).


3-Dibromomethyl-6-bromo-1,4-dimethyl-2-oxabicyclo[2.2.2]octane


To a stirred solution of halocarbinol 30 (402 mg, 1.29 mmol)
in dichloromethane (10 mL) at 0 ◦C was added CSA (30 mg,
0.129 mmol) and NBS (287 mg, 1.61 mmol). After 15 min,
the cooling bath was removed and stirring continued for 4 h,
whereupon the mixture was poured onto water (50 mL) and
extracted with ether (3 × 50 mL). The combined organic extracts
were washed successively with sat. aq. NaHCO3 (50 mL), 10%
aq. Na2S2O3 (50 mL), water (50 mL) and brine (50 mL), dried
over MgSO4 and concentrated in vacuo. Purification by column
chromatography (50 : 1 petrol : ether) afforded the title compound
(459 mg, 91%), a ca. 1 : 1 mixture of, as a colourless oil; Rf 0.60
(4 : 1 petrol : ether); mmax (thin film)/cm−1 2934s, 1465s, 1381s,
1145m, 1074s, 1041s, 877m; dH (400 MHz, CDCl3) 0.92 (1.5 H,
s) and 1.00 (1.5 H, s, CH3CCH(OR)), 1.34 (1.5 H, s) and 1.37
(1.5 H, s, CH3C(OR)), 1.45–1.60 (1 H, m), 1.76–1.92 (2 H, m),


1.93–2.06 (1 H, m), 2.18–2.27 (0.5 H, m), 2.30–2.40 (1 H, m) and
3.10 (0.5 H, ddd, J 15.2, 10.2, 3.2, 3 × CH2), 3.99 (0.5 H, d, J
4.0) and 4.09 (0.5 H, s, CH(OR)), 4.07–4.15 (0.5 H, m) and 4.29
(0.5 H, ddd, J 10.2, 4.6, 1.8, CHBr), 5.80–5.81 (1 H, CHBr2); dC


(100 MHz, CDCl3) 21.7, 23.7, 24.9, 25.0, 26.0, 26.9, 27.7, 34.2,
35.1, 36.0, 41.4, 44.5, 44.9, 49.2, 51.0, 51.2, 72.1, 73.5, 84.9, 85.5
(two peaks); m/z (CI+) 391 (10%, M(81Br79Br2)H+), 389 (12), 313
(31), 311 (74), 309 (33), 266 (22), 264 (17), 249 (43), 247 (44), 233
(67), 231 (77), 219 (37), 217 (36), 186 (17), 169 (100), 151 (66),
141 (32), 125 (22); Accurate Mass: Found: 387.8619; C10H15


79Br3O
(M+) requires: 387.8673.


8-Bromo-3,6-dimethylbicyclo[4.2.0]oct-2-en-7-one (33)


To a stirred solution of enol ether 32 (165 mg, 0.72 mmol) in
dichloromethane (2 mL) at 0 ◦C was added dropwise dimethylalu-
minium chloride (0.14 mL of a 1 M solution in dichloromethane,
0.14 mmol). After 10 min the mixture was poured onto sat.
aq. NaHCO3 (10 mL) and extracted with ether (3 × 10 mL).
The combined organic extracts were washed successively with
1 M hydrochloric acid (10 mL) and brine (10 mL), dried
over MgSO4 and concentrated in vacuo. Purification by column
chromatography (30 : 1 petrol : ether) afforded the product (33),
as an oil and as a 3 : 1 mixture of endo : exo diastereomers
(119 mg, 72%); Rf 0.38 (4 : 1 petrol : ether); mmax (thin film)/cm−1


2927s, 1784s, 1445m, 1379m, 1265m, 1037m, 1003s; Data for
exo-bromide: dH (400 MHz, CDCl3) 1.33 (3 H, s, CH3CC=O),
1.56 (1 H, app. dt, J 13.5, 4.9, =C(Me)CH2CHH′), 1.71–1.80
(1 H, m, =C(Me)CHH′) overlays 1.77 (3 H, s, CH3C=), 1.84–
2.01 (2 H, m, CHH ′CHH ′), 2.61 (1 H, app. s, CHCHBr), 4.62
(1 H, d, J 6.6, CHBr), 5.75–5.80 (1 H, m, =CH); dC (100 MHz,
CDCl3) 21.1, 24.0, 25.4, 25.8, 44.3, 53.2, 58.0, 118.9, 137.7,
206.2; Data for endo-bromide: dH (400 MHz, CDCl3) 1.32–1.42
(1 H, m, =C(Me)CH2CHH′) overlays 1.37 (3 H, s, CH3CC=O),
1.74 (3 H, s, CH3C=), 1.81–2.05 (3 H, m, =C(Me)CH2CHH ′),
2.89 (1 H, app. ddd, J 8.4, 4.5, 1.3, CHCHBr), 5.28 (1 H,
d, J 8.4, CHBr), 5.37–5.40 (1 H, m, =CH); dC (100 MHz,
CDCl3) 23.2, 24.0, 26.8, 28.7, 37.7, 53.8, 58.9, 119.3, 138.3, 207.3;
m/z (CI+) 248 (12%, M(81Br)NH4


+), 246 (12, M(79Br)NH4
+),


151 (37), 121 (21), 108 (100), 93 (20), 91 (16), 69 (35); Accu-
rate Mass: Found: 246.0506; C10H17


79BrNO (MNH4
+) requires:


246.0494.


3-(Z)-(p-Methoxyphenyl)methylene-1,4-dimethyl-2-
oxabicyclo[2.2.2]oct-5-ene (36)


Following the general procedure for cross coupling, bromide 32
(228 mg, 1.0 mmol) gave, after column chromatography (50 :
1 petrol : ether), enol ether 36 as a colourless oil (202 mg,
79%); Rf 0.47 (4 : 1 petrol : ether); mmax (thin film)/cm−1 2933m,
1654s, 1609m, 1509s, 1460m, 1381m, 1349m, 1244s, 1177m,
1106s, 1036m, 950m, 836m; dH (400 MHz, C6D6) 1.22 (1 H,
app. td, J 11.4, 4.7, MeC(OR)CH2CHH′), 1.25–1.32 (1 H, m,
MeC(OR)CHH′) overlays 1.29 (3 H, s, CH3CC(OR)=), 1.46–1.45
(1 H, m, MeC(OR)CH2CHH ′) overlays 1.50 (3 H, s, CH3CO),
1.80 (1 H, app. ddd, J 12.1, 9.6, 4.7, MeC(OR)CHH ′), 3.45 (3 H,
s, OCH3), 5.36 (1 H, s, ArCH=), 6.03 (2 H, app. s, HC=CH), 7.02
(2 H, d, J 9.0) and 7.93 (2 H, d, J 9.0, Ar); dC (100 MHz, C6D6)
21.2, 23.6, 32.3, 34.2, 39.9, 54.9, 75.8, 94.9, 114.1, 129.4, 131.2,
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134.7, 138.3, 157.1, 157.6; m/z (CI+) 274 (MNH4
+, 24%), 257


(MH+, 62), 224 (31), 131 (100), 94 (24); Accurate Mass: Found:
257.1537; C17H21O2 requires: 257.1542.


3-(Z)-(p-Methylphenyl)methylene-1,4-dimethyl-2-
oxabicyclo[2.2.2]oct-5-ene (37)


Following the general procedure for cross coupling, bromide
32 (228 mg, 1.0 mmol) gave, after column chromatography
(50 : 1 petrol : ether), enol ether 37 as an oil (185 mg, 77%);
Rf 0.63 (4 : 1 petrol : ether); mmax (thin film)/cm−1 2932s,
1652s, 1512m, 1455m, 1076m, 948m; dH (400 MHz, C6D6) 1.17–
1.31 (2 H, m, MeC(OR)CHH′CHH′) overlays 1.26 (3 H, s,
CH3CO), 1.42–1.55 (1 H, m, MeC(OR)CH2CHH ′) overlays 1.50
(3 H, s, CH3CC(OR)=), 1.79 (1 H, app. ddd, J 12.1, 9.6, 4.7,
MeC(OR)CHH ′), 2.28 (3 H, s, Ar-CH3), 5.38 (1 H, s, ArCH=),
6.01 (2 H, app. s, HC=CH), 7.23 (2 H, d, J 7.9) and 7.90 (2 H,
d, J 7.9, Ar); dC (100 MHz, C6D6) 21.2, 21.4, 23.6, 32.3, 34.1,
40.0, 76.0, 95.4, 128.6, 129.8, 134.0, 134.7, 135.6, 138.2, 158.1;
m/z (CI+) 242 (25%), 241 (100, MH+), 131 (56); Accurate Mass:
Found: 241.1592; C17H21O (MH+) requires: 241.1592.


3-(Z)-Benzylidene-1,4-dimethyl-2-oxabicyclo[2.2.2]oct-5-ene (38)


Following the general procedure for cross coupling, bromide 32
(230 mg, 1.0 mmol) gave, after chromatography (50 : 1 petrol :
ether), enol ether 38 (150 mg, 66%) as a colourless oil; Rf 0.57 (4 :
1 petrol : ether); mmax (thin film)/cm−1 2933s, 1651s, 1600w, 1448m,
1381m, 1245w, 1079s, 949s; dH (400 MHz, C6D6) 1.16–1.33 (2 H,
m, MeC(OR)CHH′CHH′) overlays 1.27 (3 H, s, CH3CC(OR)=),
1.47–1.54 (1 H, m, MeC(OR)CH2CHH ′) overlays 1.48 (3 H,
s, CH3CO), 1.74–1.80 (1 H, m, MeC(OR)CHH ′), 5.39 (1 H,
s, PhCH=), 6.01 (2 H, app. s, HC=CH), 7.16 (1 H, app. td,
J 7.3, 1.1), 7.47 (2 H, app. t, J 7.3) and 7.98 (2 H, app. dd,
J 7.3, 1.1, Ph); dC (100 MHz, C6D6) 21.1, 23.5, 32.2, 34.1,
40.0, 76.1, 95.5, 125.0, 128.7, 128.9, 134.8, 138.1, 138.4, 159.0;
m/z (CI+) 227 (10%, MH+), 131 (15), 87 (22), 70 (100), 55
(22); Accurate Mass: Found: 227.1443; C16H19O (MH+) requires:
227.1436.


3-(Z)-(p-Trifluoromethylphenyl)methylene-1,4-dimethyl-2-
oxabicyclo[2.2.2]oct-5-ene (39)


Following the general procedure for cross coupling, bromide 32
(228 mg, 1.0 mmol) gave, after column chromatography (50 :
1 petrol : ether), enol ether 39 as a colourless oil (179 mg,
61%); Rf 0.62 (4 : 1 petrol : ether); mmax (thin film)/cm−1 2937s,
1648s, 1611s, 1459m, 1415m, 1324s, 1245m, 1211s, 1163s, 1113s,
1069s, 1017s, 951s, 849s; dH (400 MHz, C6D6) 1.15 (1 H, ddd,
J 11.5, 11.4, 4.7, MeC(OR)CH2CHH′), 1.22–1.28 (1 H, m,
MeC(OR)CHH′) overlays 1.24 (3 H, s, CH3CC(OR)=), 1.43–1.48
(1 H, m, MeC(OR)CCH2CHH ′) overlays 1.45 (3 H, s, CH3CO),
1.69 (1 H, app. ddd, J 12.2, 9.6, 4.7, MeC(OR)CHH ′), 5.23 (1 H,
s, ArCH=), 5.90–6.00 (2 H, m, HC=CH), 7.56 (2 H, d, J 8.1)
and 7.76 (2 H, d, J 8.1, Ar); dC (100 MHz, C6D6) 21.3, 23.2, 32.6,
33.9, 40.2, 76.8, 94.2, 125.4 (q, J 4.0), 125.8 (q, J 269.0), 126.0 (q,
J 32.0), 126.8, 134.8, 137.8, 142.0, 161.6; dF (376.5 MHz, C6D6)
−61.41; m/z (CI+) 296 (22%), 295 (100, MH+); Accurate Mass:
Found: 295.1296; C17H18F3O (MH+) requires: 295.1310.


3-(Z)-(p-Nitrophenyl)methylene-1,4-dimethyl-2-
oxabicyclo[2.2.2]oct-5-ene (40)


Following the general procedure for cross coupling, bromide 32
(228 mg, 1.0 mmol) gave, after column chromatography (30 : 1
petrol : ether), enol ether 40 as a yellow oil (149 mg, 55%); Rf


0.47 (4 : 1 petrol : ether); mmax (thin film)/cm−1 2934w, 1636m,
1585m, 1506s, 1335s, 1245w, 1183w, 1109m, 1081s, 1057m, 949m,
858m; dH (400 MHz, C6D6) 1.11–1.18 (1 H, m) and 1.19–1.25 (1 H,
m, MeC(OR)CHH′CHH′) overlays 1.20 (3 H, s, CH3CC(OR)=),
1.30–1.38 (1 H, m, MeC(OR)CH2CHH ′), 1.44 (3 H, s, CH3CO),
1.59–1.66 (1 H, m, MeC(OR)CHH ′), 5.17 (1 H, s, ArCH=), 5.91
(1 H, d, J 7.9) and 5.95 (1 H, d, J 7.9, CH=CH), 7.59 (2 H, d, J
7.2) and 8.13 (2 H, d, J 7.2, Ar); dC (100 MHz, C6D6) 20.7, 22.7,
31.7, 33.7, 40.6, 77.5, 94.2, 123.9, 127.8, 134.9, 137.5, 144.8, 145.0,
163.7; m/z (CI+) 272 (5%, MH+), 225 (12), 224 (48), 149 (100), 132
(15), 131 (62), 87 (21), 70 (23); Accurate Mass: Found: 272.1287;
C16H18NO3 (MH+) requires: 272.1287.


3-(Z)-(2-Furyl)methylene-1,4-dimethyl-2-oxabicyclo[2.2.2]oct-5-
ene (41)


Following the general procedure for cross coupling, bromide 32
(228 mg, 1.0 mmol) gave, after column chromatography (50 : 1
petrol : ether), enol ether 41 as a colourless oil (112 mg, 52%); Rf


0.63 (4 : 1 petrol : ether); mmax (thin film)/cm−1 2934s, 1658s, 1615s,
1495m, 1458m, 1381s, 1337s, 1220m, 1085s, 1058m, 955s, 936s;
dH (400 MHz, C6D6) 1.09–1.13 (1 H, m, MeC(OR)CH2CHH′)
overlays 1.13 (3 H, s, CH3CC(OR)=), 1.23 (1 H, ddd, J 12.6,
11.0, 2.8, MeC(OR)CHH′), 1.39 (1 H, ddd, J 11.4, 9.5, 2.8,
MeC(OR)CH2CHH ′), 1.46 (3 H, s, CH3C(OR), 1.71 (1 H, ddd, J
12.6, 9.5, 4.6, MeC(OR)CHH ′), 5.57 (1 H, s, furan-CH=), 5.88–
6.02 (2 H, m, CH=CH), 6.46 (1 H, app. s), 6.89 (1 H, app. s) and
7.29 (1 H, app. s, Fu); dC (100 MHz, C6D6) 20.4, 23.3, 32.0, 34.0,
39.6, 76.4, 86.6, 106.1, 111.8, 134.9, 137.8, 139.1, 153.7, 158.2;
m/z (CI+) 217 (21%, MH+), 70 (100); Accurate Mass: Found:
217.1228; C14H17O2 (MH+) requires: 217.1229.


endo-8-p-Methoxyphenyl-3,6-dimethylbicyclo[4.2.0]oct-2-en-
7-one (42)


An NMR tube charged with a solution of enol ether 36 (116 mg,
0.45 mmol) in C6D6 (0.5 mL) was heated to 100 ◦C for 10 h.
The mixture was concentrated in vacuo and purified by column
chromatography (50 : 1 petrol : ether) to afford the product (42)
(90 mg, 78%) as a colourless oil (dr = 8 : 1); Rf 0.53 (4 : 1 petrol :
ether); mmax (thin film)/cm−1 2973s, 1765s, 1601s, 1513s, 1458s,
1421m, 1381m, 1255s, 1173s, 1113s, 1030s, 835s; dH (400 MHz,
CDCl3) 1.39–1.47 (1 H, m, =C(Me)CH2CHH′) overlays 1.45
(3 H, s, CH3CCO), 1.63 (3 H, s, CH3C=), 1.85–1.91 (1 H,
m, =C(Me)CHH′), 2.04–2.09 (2 H, m, =C(Me)CHH ′CHH ′),
2.90–2.95 (1 H, m, CHCH=), 3.78 (3 H, s, OCH3), 4.80 (1 H,
d, J 10.0, CHCO), 5.07–5.08 (1 H, m, CH=), 6.81 (2 H, d, J
8.8) and 6.98 (2 H, d, J 8.8, Ar); dC (100 MHz, CDCl3) 24.0,
24.2, 27.4, 27.9, 38.7, 55.2, 58.6, 63.3, 113.5, 120.7, 126.8, 130.0,
137.0, 158.5, 214.9; m/z (CI+) 257 (11%, MH+), 71 (41), 70
(100); Accurate Mass: Found: 257.1543; C17H21O2 (MH+) requires:
257.1542.
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endo-8-p-Methylphenyl-3,6-dimethylbicyclo[4.2.0]oct-2-en-
7-one (43)


An NMR tube charged with a solution of enol ether 37 (114 mg,
0.48 mmol) in C6D6 (0.5 mL) was heated to 100 ◦C for 16 h.
The mixture was concentrated in vacuo and purified by column
chromatography (50 : 1 petrol : ether) to afford the product (43)
(102 mg, 89%) as a colourless oil (dr = 28 : 1); Rf 0.53 (4 : 1 petrol :
ether); mmax (thin film)/cm−1 2922s, 1771s, 1516m, 1450m, 1378w,
1291w, 1123w, 1014m; dH (400 MHz, CDCl3) 1.40–1.48 (1 H, m,
=C(Me)CH2CHH′) overlays 1.47 (3 H, s, CH3CCO), 1.64 (3 H, s,
CH3C=), 1.87–1.93 (1 H, m, =C(Me)CHH′), 2.05–2.11 (2 H, m,
=C(Me)CHH ′CHH ′), 2.33 (3 H, s, CH3Ar), 2.93–2.98 (1 H, m,
CHCH=), 4.83 (1 H, d, J 10.1, CHCO), 5.10–5.11 (1 H, m, CH=),
6.97 (2 H, d, J 7.8) and 7.09 (2 H, d, J 7.8, Ar); dC (100 MHz,
CDCl3) 21.2, 24.0, 24.2, 27.9, 28.2, 38.6, 58.7, 63.6, 120.5, 128.8,
128.9, 136.1, 136.5, 137.0, 214.8; m/z (CI+) 241 (15%, MH+), 132
(12), 131 (21), 87 (19), 71 (24), 70 (100), 55 (23); Accurate Mass:
Found: 241.1596; C17H21O (MH+) requires: 241.1592.


endo-8-Phenyl-3,6-dimethylbicyclo[4.2.0]oct-2-en-7-one (44)


An NMR tube charged with a solution of enol ether 38 (93 mg,
0.41 mmol) in C6D6 (0.5 mL) was heated to 100 ◦C for 30 h
whereupon analysis by 1H NMR spectroscopy indicated complete
consumption of the starting material. The mixture was concen-
trated in vacuo and purified by column chromatography (50 : 1
petrol : ether) to afford the product (44) (68 mg, 73%), a 10.5 :
1 mixture of endo : exo isomers, as a colourless oil; Rf 0.52
(4 : 1 petrol : ether); mmax (thin film)/cm−1 2929s, 1770s, 1597m,
1497s, 1449m, 1219m, 1016m; dH (400 MHz, CDCl3) Data for
endo isomer: 1.40–1.48 (1 H, m), 1.48 (3 H, s, CH3CCO), 1.63
(3 H, s, CH3C=), 1.85–1.92 (1 H, m), 2.06–2.17 (2 H, m), 2.98
(1 H, dddt, J 10.0, 5.6, 2.8, 1.4, CHCH=), 4.87 (1 H, d, J 10.0,
CHPh), 5.06–5.10 (1 H, m, CH=), 7.06–7.09 (2 H, m) and 7.20–
7.37 (3 H, m, Ph); Data for exo isomer: 1.21 (3 H, s, CH3CCO),
1.40–1.48 (1 H, m), 1.62–1.70 (1 H, m), 1.79 (3 H, s, CH3C=),
2.06–2.17 (2 H, m), 2.55–2.59 (1 H, m, CHCH=), 4.26 (1 H, d, J
8.1, CHPh), 5.82 (1 H, app. s, CH=), 7.06–7.09 (2 H, m) and 7.20–
7.37 (3 H, m, Ph); dC (100 MHz, CDCl3) Data for endo isomer:
24.0, 24.2, 27.3, 27.9, 38.6, 58.8, 63.8, 120.5, 126.9, 128.0, 128.9,
134.7, 137.1, 214.6; Data for exo isomer: 18.9, 24.0, 25.3, 28.2,
40.7, 56.9, 68.1, 121.3, 127.1, 128.1, 128.7, 134.7, 136.2, 212.6;
m/z (CI+) 227 (12%, MH+), 131 (25), 87 (26), 71 (53), 70 (100), 58
(13); Accurate Mass: Found: 227.1447; C16H19O (MH+) requires:
227.1436.


8-p-Trifluoromethylphenyl-3,6-dimethylbicyclo[4.2.0]oct-2-en-7-
one (45)


An NMR tube charged with a solution of enol ether 39 (106 mg,
0.36 mmol) in C6D6 (0.5 mL) was heated to 100 ◦C for 100 h. The
mixture was then concentrated in vacuo and purified by column
chromatography (50 : 1 petrol : ether) to afford the product (45)
(54 mg, 51%), a 1.4 : 1 mixture of exo : endo diastereomers, as a
colourless oil; Rf 0.43 (4 : 1 petrol : ether); mmax (thin film)/cm−1


2926m, 1774s, 1619m, 1448w, 1415w, 1378w, 1327s, 1165s, 1124s,
1069s, 1019m; dH (400 MHz, CDCl3; resonances attributable solely
to the minor isomer are marked with an asterisk) 1.22 (3 H, s) and
1.48* (3 H, s, CH3CCO), 1.43–1.45* (1 H, m, =C(Me)CH2CHH′),


1.61* (3 H, s) and 1.80 (3 H, s, CH3C=), 1.69 (1 H, app. dt, J 13.2,
4.2, =C(Me)CH2CHH′), 1.84–2.10 (3 H, m, =C(Me)CH2CHH ′),
2.55–2.58 (1 H, m) and 2.98–3.04* (1 H, m, CHCHAr), 4.30
(1 H, d, J 8.0) and 4.89* (1 H, d, J 10.0, CHAr), 5.05–5.06*
(1 H, m) and 5.79–5.80 (1 H, m, CH=), 7.21* (2 H, app. d, J
8.4), 7.34 (2 H, app. d, J 8.0), 7.53* (2 H, app. d, J 8.4) and
7.60 (2 H, app. d, J 8.0, Ar); dC (100 MHz, CDCl3, unable to
resolve 13C–19F coupling in this spectrum) 18.9, 23.9, 24.0 (two
peaks), 25.2, 27.3, 27.8, 28.0, 38.5, 40.4, 57.2, 59.2, 63.1, 67.5,
119.9, 120.8, 122.8, 122.9, 124.9, 125.0, 125.3, 125.5, 127.4, 129.0,
136.8, 137.8, 138.7, 140.6, 211.2, 213.2; dF (376.5 MHz, CDCl3)
−62.49; m/z (CI+) 296 (14%, MH+), 295 (100), 131 (63), 87 (28);
Accurate Mass: Found: 295.1313; C17H18F3O (MH+) requires:
295.1310.


8-p-Nitrophenyl-3,6-dimethylbicyclo[4.2.0]oct-2-en-7-one (46)


An NMR tube charged with a solution of enol ether 40 (108 mg,
0.40 mmol) in C6D6 (0.5 mL) was heated to 100 ◦C for 100 h. The
mixture was then concentrated in vacuo and purified by column
chromatography (50 : 1 petrol : ether) to afford the product (46)
(39 mg, 36%), a 3.3 : 1 exo : endo mixture of diastereomers, as a
colourless oil; Rf 0.31 (4 : 1 petrol : ether); mmax (thin film)/cm−1


2925m, 1771s, 1599m, 1519s, 1448w, 1346s, 1109w, 1018w; dH


(400 MHz, CDCl3; resonances attributable solely to the minor
isomer are marked with an asterisk) 1.22 (3 H, s) and 1.49*
(3 H, s, CH3CCO), 1.40–1.48* (1 H, m, =C(Me)CH2CHH′), 1.60*
(3 H, s) and 1.81 (3 H, s, CH3C=), 1.70 (1 H, app. dt, J 13.6,
4.4, =C(Me)CH2CHH′), 1.85–2.10 (3 H, m, =C(Me)CH2CHH ′),
2.57–2.60 (1 H, m) and 3.02–3.08* (1 H, m, CHCHAr), 4.34 (1 H,
d, J 8.3) and 4.94* (1 H, d, J 10.0, CHAr), 4.95–5.04* (1 H, m)
and 5.80–5.81 (1 H, m, CH=), 7.27* (2 H, app. d, J 9.2), 7.43
(2 H, app. d, J 8.8), 8.14* (2 H, app. d, J 9.2) and 8.20 (2 H, app.
d, J 8.8, Ar); dC (100 MHz, CDCl3) 18.9, 24.0 (two peaks), 25.2,
27.3, 27.8, 28.0, 38.6, 40.3, 57.5, 59.4, 65.8, 67.4, 119.6, 120.4,
123.3, 123.6, 123.9, 127.8, 128.7, 129.5, 137.2, 138.3, 142.4, 143.9,
210.2, 212.3; m/z (CI+) 272 (6%, MH+), 218 (100), 201 (12), 131
(82), 70 (30); Accurate Mass: Found: 272.1287; C16H18NO3 (MH+)
requires: 272.1287.


8-(2-Furyl)-3,6-dimethylbicyclo[4.2.0]oct-2-en-7-one (47)


An NMR tube charged with a solution of enol ether 41 (87 mg,
0.40 mmol) in C6D6 (0.5 mL) was heated to 100 ◦C for 22 h
whereupon analysis by 1H NMR spectroscopy indicated complete
consumption of the starting material. The mixture was concen-
trated in vacuo and purified by column chromatography (50 : 1
petrol : ether) to afford the product (47) (58 mg, 67%), a 2.9 : 1
mixture of endo : exo diastereomers, as a colourless oil; Rf 0.48 (4 :
1 petrol : ether); mmax (thin film)/cm−1 2925m, 1777s, 1446m, 1009s;
dH (400 MHz, CDCl3; resonances attributable solely to the minor
isomer are marked with an asterisk) 1.27* (3 H, s, CH3CCO), 1.37–
1.46 (1 H, m) overlays 1.42 (3 H, CH3CCO), 1.56–1.65* (1 H, m),
1.66 (3 H, s) and 1.78* (3 H, s, CH3C=), 1.80–2.10 (3 H, m),
2.63–2.68* (1 H, m) and 2.92–2.98 (1 H, m, CH=), 4.21* (1 H,
d, J 7.6) and 4.87 (1 H, d, J 9.6, CHFu), 5.22–5.23 (1 H, m) and
5.74–5.76* (1 H, m, CH=), 6.07–6.08 (1 H, m) and 6.15–6.16*
(1 H, m, 3-Fu), 6.28–6.29 (1 H, m) and 6.33* (1 H, app. td, J 2.2,
0.8, 4-Fu), 7.31 (1 H, dd, J 1.8, 0.6) and 7.36* (1 H, dd, J 2.2,
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1.0, 5-Fu); dC (100 MHz, CDCl3) 19.2, 23.4, 24.0, 25.4, 25.6, 27.0,
27.8, 27.9, 38.0, 39.4, 57.8 (two peaks), 59.5, 62.0, 106.7, 108.1,
110.2, 110.3, 119.6, 120.9, 136.4, 137.5, 141.5, 142.1, 148.5, 149.9,
210.1, 211.4; m/z (CI+) 217 (15%, MH+), 131 (22), 108 (27), 87
(23), 71 (52), 70 (100), 55 (32); Accurate Mass: Found: 217.1237;
C14H17O2 (MH+) requires: 217.1229.
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We describe the identification of small-molecule G-quadruplex ligands using a direct ELISA screen of a
one-bead-one-compound library of unnatural polyamides displayed on a branched linker with a biotin
tag. This general purpose parallel screen for small molecule–oligonucleotide interactions was validated
by surface plasmon resonance and ELISA of resynthesized compounds. Linear polyamides displayed
similar rankings in their affinity for quadruplex as their branched counterparts. Quadruplex affinity as
judged by these surface based techniques was a useful predictor of the ability of the ligands to stabilize
the quadruplex to thermal unfolding in solution.


Introduction


Guanine rich sequences with the potential to adopt a quadruplex
fold have been located computationally at numerous positions
in the human genome,1 and experimentally confirmed for se-
quences from the telomere2 and within the promoters of certain
proto-oncogenes.3,4 Telomeric DNA attrition on cell replication
ultimately leads to cell senescence, although in the majority of
cancers telomeres are maintained by the enzyme telomerase,
which is expressed in greatly reduced levels in somatic cells.5


The action of telomerase is inhibited by the folding of its single
stranded DNA substrate into a quadruplex,6 which may also
displace proteins which protect the telomere from being falsely
recognized as damaged DNA.7 These observations, coupled with
evidence that quadruplex formation in the promoter of the c-myc
proto-oncogene may lead to down-regulation of gene expression,4


and the possibility of similar effects for other genes containing
potential quadruplex sequences in their DNA or mRNA have
stimulated interest in small molecules that bind to, and stabilize,
quadruplexes. Such compounds have the potential for arrest of
cancer cell growth through disruption of telomere maintenance
and alteration of oncogene expression levels.


As a means for discovery of quadruplex ligands, the one-bead-
one-compound solid-phase library synthesis approach conve-
niently affords individual compounds for miniaturized screening.
Here we demonstrate a new approach to identification of small-
molecule oligonucleotide ligands from one-bead-one-compound
libraries with a generally applicable enzyme linked immunosor-
bent assay (ELISA) against a surface immobilized telomeric
quadruplex and confirm the ability of the compounds to stabilize
the quadruplex from thermal unfolding in solution.


aUniversity Chemical Laboratory, University of Cambridge, Lensfield Road,
Cambridge, CB2 1EW, UK. E-mail: sb10031@cam.ac.uk; Fax: 44 1223
336913; Tel: 44 1223 336347
bCancer Research UK Biomolecular Structure Group, The School of
Pharmacy, University of London, 29–39 Brunswick Square, London, WC1N
1AX, UK. E-mail: stephen.neidle@pharmacy.ac.uk; Fax: 44 020 7753 5970;
Tel: 44 7753 5969
† Electronic supplementary information (ESI) available: Scatterplots
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ELISA offers a rapid and readily automated means of assaying
binding of ligands to surface immobilized targets, in this instance
a folded oligonucleotide. Rather than screening a bead-supported
library8 we opted to screen solution phase ligands, cleaved from
individual library beads, against surface immobilized DNA. This
approach provides stocks of ligands that can be assayed in
parallel against multiple targets, and subjected to tandem mass
spectrometry to determine compound identity. As a screening
method against a new target, competitive ELISA suffers from
the disadvantage of requiring both a known ligand and an
associated antibody. In addition, the ligand–target interaction
must be inhibited by the library compounds9 which necessitates a
common binding site, or allosteric communication between sites.
Due to these limitations we have instead chosen to develop a
direct ELISA for detection of target-bound ligands by appending
to the ligand a tagging group that is recognized by an enzyme
conjugate. Polyamides are an attractive class of ligand molecule
due to their ease and rapidity of construction using solid phase
protocols and the multitude of amino acid building blocks
available for introduction of diversity during library construction.
The direct ELISA assay was exploited for screening of polyamide
ligands from a split-and-pool one-bead-one-compound synthesis
against a DNA target consisting of five GTTAGG repeats of
the human telomeric sequence, folded into a quadruplex (Htelo).
The outcome of the screen was validated using surface plasmon
resonance binding studies and an established assay based on
thermal melting of a fluorophore labelled quadruplex in solution.


Results and discussion


A scaffold was designed that would enable combinatorial con-
struction of quadruplex binding polyamide moieties and permit
detection of oligonucleotide binding using an ELISA. In order
to enhance binding affinity, a bivalent display of peptides on
a branched linker was adopted. The bifurcation was provided
by a lysine side chain10 through which the library peptides were
attached via flexible tri-glycine spacers (Fig. 1). For the purpose
of detection, a single tag group was introduced at the C-terminus
prior to the branch point. The FLAG peptide11 (DYKDDDDK)
and Glu(PEG-biotin) tags were evaluated as these are conveniently
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Fig. 1 General structures of branched and linear peptides.


introduced in an initial step during solid phase synthesis and
both tags are robust to subsequent synthetic manipulations.
The Glu(PEG-biotin) tag combined with detection using a
streptavidin–horseradish peroxidase polymer conjugate proved
preferential, as in trials FLAG tagged compounds generated
comparatively lower signals (data not shown) which are likely
to arise from reduced binding due to repulsion between the
highly negatively charged FLAG sequence and the polyanionic
DNA target. Detection using streptavidin–horseradish peroxidase
polymer was found to offer superior sensitivity to antibody
mediated detection with a horseradish peroxidase anti-biotin
conjugate.


On the basis of the observation of quadruplex complexes
with the natural product distamycin,12 acridines,13 and our own
work on quadruplex binding peptides,14 we selected a number
of natural and unnatural amino acids with which to construct a
biased library of polyamide ligands with a predisposition towards
quadruplex binding. Aromatic and positively charged groups are
a typical feature of oligonucleotide ligands, forming p-stacking
interactions, hydrophobic and hydrogen bonding groove contacts
and electrostatic interactions with the phosphate backbone. For
the purpose of our library, aromatic building blocks included
tyrosine, tryptophan, histidine, methylimidazole, methylpyrrole15


and an acridine amino acid.16 Arginine and lysine provided
positive charge, and valine was included to allow hydrophobic
contacts with exposed bases and sugars. The library was prepared
on a macrobead resin with the biotin tagged branched scaffold
(Fig. 1a) using the split-and-pool method where X1 = Tyr, Trp,
Phe, Acr, X2 = Arg, Im, Lys, X3 = His, Lys, Py and X4 =
Arg, Val, Tyr.17 The structures of the non-proteinogenic amino
acids are given in Fig. 2. A random selection of crude peptides
cleaved from the solid support was screened in parallel at a
single concentration in potassium phosphate buffer (pH 7.4,
190 mM K+) by ELISA against the Htelo quadruplex (GTT
AGG)5, and a non-quadruplex sequence of identical length (AGT


Fig. 2 Amino acid structures.


TAG)5, as a polyanionic background. The ELISA response, as
measured by the absorbance at 450 nm, is expected to increase
with the affinity of the peptide for the nucleic acid, thereby
enabling library members to be ranked accordingly. The ratio of
ELISA absorbance measurements between the quadruplex and
non-quadruplex oligonucleotide was taken as an indicator of the
specificity of the peptide for the quadruplex. On the basis of
these measurements a selection of compounds spanning the range
of affinity to the Htelo quadruplex were subjected to MALDI-
TOF/TOF mass spectrometric analysis to determine their se-
quences. The majority of sequences that displayed selectivity
for Htelo contained a single positively charged residue, whereas
compounds that bound comparably to the background possessed
multiple charged residues, indicating that excessive electrostatic
interactions can lead to a reduced specificity.


Eight compounds (B1–B8) identified in the initial screen and
spanning the range of apparent Htelo affinity were chosen for
validation. ELISA titrations were performed against Htelo using
resynthesized and HPLC purified peptides to derive apparent
association constants (Table 1). Peptide B0 (Fig. 1b), which
consists of only the tag and branched linker, was used as a
blocking agent during these titrations so as to block sites that bind
these components of the ligands. For comparison of quadruplex
versus duplex affinity, ELISA titrations against a 22 base pair
DNA duplex (Dup) were performed but resulted in relatively
reduced signals (<50% compared to Htelo), with the exception
of B8, which can be attributed to weaker interactions and/or
fast dissociation during wash steps. The rank order of compound
affinity according to the quantitative ELISA is in broad agreement
with that inferred from the initial screen, thereby confirming that
these measurements with crude compounds are representative and
that the compounds have been correctly identified.


Surface plasmon resonance (SPR) provides an alternative means
of monitoring the interaction of a solution phase ligand with an
immobilized oligonucleotide.18 Compounds P1–P8 were prepared
as analogues of B1–B8 for SPR analysis. These compounds
lack a biotin tag which is both unnecessary for SPR and may
lead to complications due to detection of direct binding of the
tag to the streptavidin coated chip. The equilibrium binding
interactions of compounds P1–P8 were quantified by SPR against
Htelo and Dup under the same buffer conditions used for
ELISA. Increasing the concentration of peptide to 100 lM did
not achieve binding saturation, although high responses indicated
either multiple binding sites per DNA or compound aggregation.
At compound concentrations <10 lM the equilibrium response
was approximately linear, allowing an estimate of the affinity
(Table 1) to be determined from the gradient of a linear fit.
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Table 1 Sequences of selected compounds and their affinities for Htelo by ELISA compared with SPR (Htelo and duplex) and FRET melting at 4 lM


SPR log(Ka) P series


Sequencea (X1 X2 X3 X4) A450b ELISAc log(Ka) Htelo Dup DTm/◦Ce


1 YRHY 0.23 5.7 4.7 d 1.9
2 WR–Py–Y 0.25 6.3 5.3 d 6.0
3 FRKV 0.34 6.8 4.4 d 4.8
4 Y–Im–Py–R 0.21 6.6 5.4 4.8 15.1
5 Y–Im–KV 0.07 5.2 4.3 d 1.4
6 Y–Im–HR 0.27 6.3 4.8 d 3.4
7 WK–Py–Y 0.27 6.4 5.0 d 4.3
8 WKKR 0.43 7.4 5.7 4.5 21.6


a Py is 1-methylpyrrole, and Im is 1-methylimidazole. b Absorbance at 450 nm in a single point ELISA library screen of B series against Htelo. c B series,
against Htelo. d Absence of detectable binding above background. Log(Ka) <3.7 based on the instrument detection limit. e Shift in Tm of dual labelled
telomeric quadruplex in cacodylate buffer (pH 7.4, 50 mM KCl), P series.


In comparison with the SPR data, the ELISA clearly enables
identification of the sequences with the highest (8), lowest (5) and
intermediate affinities for the Htelo quadruplex. The apparent
affinities for Htelo determined by SPR are lower than those
obtained in the corresponding ELISA. This reflects the ability
of SPR to observe all binding events simultaneously in situ,
whereas ELISA is biased towards detection of interactions with
sufficiently low off-rates to survive dissociation during wash
steps. SPR confirmed our supposition that there is significant
discrimination against the duplex. This is consistent with a mode
of binding involving stacking and hydrophobic contacts with
bases which are inaccessible in the duplex but are exposed at
the terminal tetrads and loops of a quadruplex. Differences are
observed between the affinities of peptides with an identical
number of positive charges at pH 7.4, for example P4 and
P5, suggesting that binding is not solely driven by electrostatic
interactions with the phosphate backbone.


The impact of the branched linker was tested using linear
tetrapeptides (L1–L8) in which this linker was absent. SPR data
were analyzed analogously to the branched polyamides (Table 2).
For Htelo, there is a strong correspondence between log(Ka) for
the two series of peptides, suggesting similar interaction modes.
The Ka for the branched series are less than that expected for
simultaneous independent binding of two corresponding linear
peptides and the selectivity of the linear peptides is reduced, with
these compounds demonstrating relatively enhanced affinity for
the duplex. These results suggest that the linker disfavours binding
to both quadruplex and duplex, with a more pronounced effect
for duplex, thus enhancing the overall quadruplex selectivity. The


Table 2 Affinities of linear peptides for Htelo and Dup determined by
SPR


SPR log(Ka) L series


Sequence Htelo Dup


L1 YRHY 3.6 3.1
L2 WR–Py–Y 4.2 3.6
L3 FRKV 3.3 3.2
L4 Y–Im–Py–R 4.6 4.3
L5 Y–Im–KV 3.4 2.8
L6 Y–Im–HR 3.8 3.3
L7 WK–Py–Y 4.0 3.4
L8 WKKR 4.4 3.9


structure of L4 consists of two linked heterocyclic residues and a
C-terminal arginine, which is reminiscent of known minor groove
binders such as distamycin, suggesting that the affinity of this
compound for duplex may also arise from interactions with the
minor groove.


The ability of the branched polyamides P1–P8 to stabilize
the telomeric quadruplex to thermal unfolding in solution was
investigated with an established FRET assay using a dual labelled
oligonucleotide.19 On melting the average distance between the
fluorophores increases leading to a decrease in energy transfer
efficiency. The melting temperature was found to increase as a
function of polyamide concentration, indicating the ability of the
polyamide to stabilize a folded conformation of the DNA. The
shifts in melting temperature (DTm) at 4 lM peptide are given in
Table 1. It is informative to compare these data with the ELISA
and SPR to validate the ability of these surface based affinity
techniques to predict the relative abilities of ligands to stabilize the
quadruplex in free solution. There is a broad consensus between
the rankings of the sequences, in agreement with the expectation
that quadruplex stabilization will increase with ligand affinity. We
have quantified the extent to which melting temperature correlates
with SPR and ELISA by calculation of Kendall’s rank correlation
coefficient, s, which varies between −1 for perfect rank reversal
between two data sets, and 1 for perfect rank agreement. s of DTm


against log(Ka) is 0.71 and 0.79 for ELISA and SPR respectively,
both values being significant at the 5% level in a two sided test.
This indicates that the techniques are in useful agreement for the
purposes of ranking the relative affinity of ligands in screens.


Conclusions


Through the use of a bifurcated linker with tri-glycine spacers
and a biotin tag, it was possible by a single point ELISA to rank
tetrapeptide ligands according to binding to a DNA quadruplex.
The off-rate of ligands displayed on this scaffold is sufficiently
low that a signal is still obtained from the ELISA despite a
number of wash steps during which dissociation could occur.
The initial single-point ELISA screen of a library was performed
with crude material, cleaved directly from macrobeads, and may
therefore contain remnants of protecting groups. However, when
the assay was repeated at multiple-concentrations using a selection
of resynthesized and purified compounds that were identified in
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the original screen, a broadly similar ranking of the quadruplex
affinity was measured. These results demonstrate that the single-
point ELISA of crude material is representative of the data
obtained from pure compounds hence confirming the value of the
ELISA as a screen. The ELISA is particularly suited for parallel
screening against multiple oligonucleotides thus enabling ligands
which also bound to a non-quadruplex DNA to be identified
simultaneously.


Surface based techniques, such as ELISA, which involve a solid
substrate and a label for detection can be susceptible to interfer-
ence arising from undesirable interactions between the substrate
and label with the ligand or target. Rankings of compounds
lacking a biotin tag by surface plasmon resonance and a solution
FRET melting assay were in good agreement with each other,
demonstrating minimal interference arising from immobilization
of the oligonucleotide to a surface. Correlation between FRET
and ELISA of biotinylated ligands was less strong, but nevertheless
useful. The SPR results with simple tetrapeptides demonstrate that
while the branching construct does enhance quadruplex binding,
it does so to a lesser extent than might be predicted, and also
appears to enhance discrimination against duplex. The former may
arise due to the site separation of immobilized oligonucleotides
preventing both peptide moieties from simultaneously adopting
optimum binding contacts. The latter effect may stem from the
linker sterically inhibiting insertion of heterocyclic residues into
the minor groove of the duplex. Based on a count of positively
charged residues in the compounds and the observed variability
in binding affinity towards quadruplex, the mode of quadruplex
binding cannot be solely attributed to electrostatic interactions
with the DNA backbone, indicating that aromatic stacking and
hydrophobic interactions play a role.


Experimental


General


Fmoc protected amino acids were supplied by Novabiochem,
except for methylimidazole and methylpyrrole residues which were
prepared according to the literature.15 POCl3 was distilled prior
to use. Triethylamine was distilled ex CaH2. N-Dimethylphenyl-
enediamine was distilled using a Kugelrohr apparatus. Mass
spectrometry was performed on an Applied Biosystems 4700
Proteomics Analyzer (MALDI-TOF/TOF) and Micromass Q-
Tof spectrometers. 1H and 13C NMR spectra were recorded on
Bruker DRX400 and Avance 500 Cryo spectrometers. Coupling
constants are given in Hertz.


Oligonucleotides. Htelo 5′ Biotin-GTT AGG GTT AGG GTT
AGG GTT AGG GTT AGG 3′. Bck 5′ Biotin-AGT TAG AGT
TAG AGT TAG AGT TAG AGT TAG 3′. Dup 5′ Biotin-GGC
ATA GTG CGT GGG CGT TAG C 3′ hybridized to 5′ GCT AAC
GCC CAC GCA CTA TGC C 3′. F21T 5′ FAM-GGG TTA GGG
TTA GGG TTA GGG-TAMRA 3′


Desalted biotinylated oligonucleotides were supplied by Invit-
rogen. Stock solutions were standardized using the absorbance at
260 nm. For SPR, biotinylated Htelo at a concentration of 10 lM
was annealed in buffer (150 mM KCl, 50 mM TrisHCl, pH 7.4)
by cooling from 95 ◦C to room temperature over 3 h, followed by
incubation at 4 ◦C overnight. Annealing for ELISA was performed
similarly using oligonucleotide at a nominal concentration of


20 lM in phosphate buffer (100 mM potassium phosphate, 50 mM
KCl, pH 7.4). Annealed stocks were standardized using the
absorbance at 260 nm.


Synthesis


The acridine amino acid was prepared from 9-oxo-9,10-dihydro-
acridine-4-carboxylic acid isopropyl ester using a modification of
a literature procedure for a closely related compound.16


9-(4-Dimethylamino-phenylamino)-acridine-4-carboxylic acid
isopropyl ester. POCl3 (0.54 cm3) and triethylamine (3.2 cm3)
were added dropwise over 5 min to a stirred solution of 1,2,4-
triazole (1.31 g) in acetonitrile at 0 ◦C under Ar. The resulting
suspension was allowed to warm to rt over 30 min and a solution
of 9-oxo-9,10-dihydro-acridine-4-carboxylic acid isopropyl ester
(584 mg, 2.1 mmol) in dichloromethane (4 cm3) added. The
solution was refluxed under Ar overnight, allowed to cool slightly,
then water (2.8 cm3) and triethylamine (8.5 cm3) carefully added
down the condenser. After refluxing for a further 10 min, the
solution was evaporated under reduced pressure to an orange
paste. This was dissolved in dichloromethane (50 cm3), filtered,
washed with sodium bicarbonate (satd. aq, 50 cm3), and brine
(50 cm3). The organic phase was dried (Na2SO4), evaporated,
and the resultant brown solid dried in vacuo. To this was
added N-dimethylphenylenediamine (1.41 g, 10.3 mmol), MeCN
(20 cm3) and triethylamine (2.8 cm3). The solution was refluxed
under Ar for 22 h then evaporated to an orange oil which was
chromatographed on alumina (Brockman grade II–III) eluted with
hexane–ethyl acetate (10 : 1) to afford the product as a deep orange
solid (587 mg, 71%). Rf 0.61 (alumina, hexane–EtOAc 10 : 1).


The NMR spectrum at room temperature in CDCl3 exhibits
more than one set of resonances, which are ascribed to conformers
or aggregates. A single species was observed in DMSO at elevated
temperature.


(Found: C 75.1; H 6.3; N 10.5. Calc. for C25H25N3O2: C 75.2;
H 6.3; N 10.5%); kmax(MeCN)/nm 408 (e/dm3 mol−1 cm−1 11 000)
nm; dH(400 MHz; DMSO; Me4Si; 135 ◦C) 10.80 (1 H, br s, NH),
8.25 (1 H, d, J 7, Acr), 8.08 (1 H, d, J 6, Acr), 7.42 (1 H, t, J 7,
Acr), 7.32 (1 H, br, Acr), 6.98 (1 H, t, J 7, Acr), 6.89 (1 H, br, Acr),
6.75 (2 H, d, J 9, Ar), 6.67 (2 H, d, J 9, Ar), 5.30 (1 H, sp, J 6,
OCH), 2.93 (6 H, s, NCH3), 1.43 (6 H, d, J 6, CH3); dC(101 MHz;
CDCl3; Me4Si) 167.88, 167.72, 151.28, 146.74, 143.78, 143.41,
140.94, 140.33, 137.97, 135.33, 133.56, 133.02, 131.04, 129.28,
126.48, 124.11, 123.04, 122.27, 120.12, 119.63, 119.23, 117.49,
116.65, 116.11, 114.75, 113.43, 112.58, 68.86, 67.96, 41.44, 25.61,
21.94; m/z (ES) 400.2031 (C25H26N3O2 requires 400.2020).


9-(4-Dimethylamino-phenylamino)-acridine-4-carboxylic acid.
To a mixture of 9-(4-dimethylamino-phenylamino)-acridine-
4-carboxylic acid isopropyl ester (525 mg, 1.31 mmol), THF
(4 cm3) and water (2.5 cm3) was added LiOH·H2O (110 mg,
2.62 mmol). After stirring at room temperature for 2 d, further
portions of LiOH·H2O (220 mg), THF (8 cm3) and water (2 cm3)
were added and the mixture stirred at 40 ◦C overnight at which
point tlc (alumina, hexane–EtOAc 4 : 1) indicated the absence
of starting material. THF was removed under reduced pressure
and the remaining solution diluted with water (50 cm3), which
was neutralized by dropwise addition of glacial acetic acid to
afford a deep red precipitate which was collected by filtration. The
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filtrate was extracted with CHCl3 (2 × 25 cm3 with several drops
MeOH). The precipitate was solubilized in a mixture of CHCl3


and MeOH, filtered, and combined with the CHCl3 extracts,
which were dried (MgSO4) and evaporated to a brown solid.
Column chromatography on silica gel eluted with CHCl3–MeOH
(9 : 1) afforded the product as a dark red powder (412 mg, 88%).
Rf 0.48 (silica, CHCl3–MeOH 9 : 1).


LCMS (Waters Atlantis C18, 4.6 × 30 mm, 1 cm3 min−1, 0–42 s
100% solvent A, with a gradient reaching 100% solvent B at 252 s,
then 252–480 s 100% solvent B, where solvent A = aqueous 10 mM
NH4OAc with 0.1% formic acid, solvent B = 95 : 5 MeCN–H2O):
r.t. 3.50 min (m/z +358).


dH (400 MHz; DMSO; Me4Si; 80 ◦C) 8.47 (1 H, d, J 7, Acr),
8.34 (1 H, d, J 8, Acr), 8.15 (1 H, br d, J 9, Acr), 7.84 (1 H, br d,
J 8, Acr), 7.76 (1 H, t, J 8, Acr), 7.29 (2 H, m, Acr), 7.06 (2 H,
d, J 9, Ar), 6.77 (2 H, d, J 9, Ar), 2.93 (6 H, s, NCH3); m/z (ES)
358.1564 (C22H20N3O2 requires 358.1556).


Library synthesis


Polyamide synthesis was performed using standard Fmoc
solid phase protocols on macrobead resin (Rapp, RinkAM,
0.6 mmol g−1, ∼100 nmole per bead). Side chain protecting groups
were Arg(Pbf), Tyr(tBu), His(Trt) and Lys(Boc). The branch point
was introduced using FmocLys(Fmoc)OH. Double couplings
were employed for all residues. Variation was introduced into the
N-terminal four residues using the split-and-pool method where
X1 = Tyr, Trp, Phe, Acr, X2 = Arg, Im, Lys, X3 = His, Lys, Py
and X4 = Arg, Val, Tyr. The beads were not recombined after the
final coupling stage so that the identity of the N-terminal residue
was known. Library beads were dispensed individually into wells
of 96 well polypropylene plates and 100 lL cleavage reagent (95%
TFA, 2.5% H2O, 2.5% triisopropylsilane) was added. Plates were
covered and allowed to stand for 6 h at rt, after which the cleavage
reagent was evaporated by blowing with a stream of N2, followed
by drying in vacuo over KOH pellets.


Resynthesis of polyamides


Polyamides were prepared using standard Fmoc protocols on Rink
amide resin (Novabiochem 100–200 mesh, 0.57 mmol g−1) using
PyBOP or HBTU for couplings. For branched polyamides, double
couplings were employed after the branch point. Compound B0
consists of the tri-glycine spacers, branch point and biotin tag.
Cleavage was performed for 4 h with a mixture of 95% TFA, 2%
m-cresol, 2% H2O, 1% ethanedithiol, followed by precipitation
with Et2O. Compounds were purified by HPLC on a Phenomenex
C18 Luna column and characterized by ES or MALDI MS and
amino acid analysis (Department of Biochemistry, University of
Cambridge). Concentrations of stock solutions were determined
using amino acid analysis performed in duplicate with a norleucine
standard.


ELISA screening


Phosphate buffer was used throughout (50 mM potassium phos-
phate, 100 mM KCl, pH 7.4). Streptavidin coated microplates
(Streptawell Highbind 96 well, Roche Diagnostics) were incubated
with annealed Htelo and Bck biotinylated oligonucleotides in


adjacent wells (300 lL per well, 50 nM DNA in buffer) for 6 h at
rt. Plates were washed (×4) with buffer.


Water (100 lL) was added to the crude cleaved polyamides and
agitated gently for 30 min to give a stock solution of 1 mM nominal
concentration based on bead loading. 5.5 lL of each stock was
diluted to 110 lL with buffer, and 50 lL of this applied to adjacent
wells (Htelo, Bck) of the DNA coated microplate. After incubation
for 1 h at rt, plates were washed (×4) with buffer. Streptavidin-
peroxidase polymer (Sigma) (1 : 10 000 dilution in buffer) was
added to each well (50 lL), except for a pair of wells to which buffer
alone (50 lL) was added. After incubation for 1 h at rt, the plate
was washed (×4) with buffer containing 0.05% Tween 20 (Sigma).
TMB substrate (Amersham) (100 lL) was added to all wells using
a multichannel pipettor, followed by quenching after 3 min with
H2SO4 (0.19 M, 100 lL). The absorbance was read immediately
at 450 nm using a Biokinetics plate reader. The absorbance of the
pair of wells left untreated with streptavidin-HRP was subtracted
from the respective Htelo and Bck data points.


ELISA titrations


Phosphate buffer was used throughout (50 mM potassium phos-
phate, 100 mM KCl, pH 7.4). Streptavidin coated plates (96 well
Streptawell Highbind, Roche) were incubated with Htelo (25 nM
in buffer, 300 lL per well) for 6 h at rt. The plate was washed with
buffer (×4). All wells were blocked with compound B0 (1 lM in
buffer, 100 lL) for 1 h at rt, followed by washing (×4) with buffer.
Plate rows (columns 1–11) were incubated with serial dilutions of
compounds B1–B8 in buffer (50 lL), with buffer (50 lL) only in
column 12. After 1 h, the plate was washed (×4), streptavidin-
peroxidase polymer (50 lL, 1 : 20 000 dilution, Sigma) was added
to all wells followed by incubation for 1 h at rt. Following
washing with buffer (0.05% Tween 20), TMB substrate (100 lL,
Amersham) was added to all wells using a multichannel pipettor.
On development of a blue colour (several minutes) the reaction was
quenched by addition of H2SO4 (100 lL). The absorbance was read
immediately at 450 nm using a Biokinetics platereader. Data were
fitted using a Langmuir model (eqn (1)) using the Solver module
of Excel to determine an apparent association constant. A is the
absorbance at 450 nm, Ka is the apparent association constant,
and c is the polyamide concentration. The results, presented as
log(Ka), are the mean of three determinations.


A = AmaxKaC


1 + KaC


(1)


Surface plasmon resonance (SPR)


Surface plasmon resonance was performed on a Biacore 2000
instrument, using degassed phosphate running buffer (50 mM
potassium phosphate, 100 mM KCl, pH 7.4). Sensor chips (Type
SA, Biacore) were loaded with approximately 400 RU of Htelo
and Dup. Eight serial dilutions of compound were injected
at a flow rate of 20 lL min−1 and the equilibrium response
determined relative to the baseline. The maximum compound
concentrations were 10 and 100 lM for branched and linear
polyamides respectively. Between injections the sensor surface was
refreshed with injections of 1 M KCl and buffer. For branched
polyamides, duplicate measurements were made on each of two
different sensor chips, to give a total of four determinations
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at each polyamide concentration. For linear peptides, duplicate
measurements were made on a single sensor chip. After subtraction
of the background response from the blank flowcell, the responses
were normalized by division by Rmax, the estimated response for
a 1 : 1 DNA–polyamide complex, given by eqn (2). RDNA is the
loading of the DNA, Mpept and MDNA are the molecular weights of
the polyamide and DNA respectively.


Rmax = RDNAMpept


MDNA


(2)


An apparent association constant, Ka, was estimated as the
gradient of a linear fit of R/Rmax versus polyamide concentration
using eqn (3) which is a simplification of the Langmuir equation
when Kac �1. The value of Rmax was calculated for a 1 : 1
polyamide–DNA complex from the measured DNA loading of
the chip and the molecular weights of the polyamide and DNA.


R ≈ RmaxKaC (3)


Where no response is observed, an upper bound for the
association constant is estimated as log(Ka) < 3.7 based on the
Ka that would be required to obtain a signal above the detection
limit (2 RU) of the Biacore at the highest polyamide concentration
used in the experiments.


Fluorescence resonance energy transfer quadruplex melts


HPLC purified and desalted oligonucleotide F21T was supplied by
Eurogentec. The oligonucleotide at a concentration of 400 nM was
annealed in buffer (50 mM KCl, 10 mM cacodylic acid, adjusted
to pH 7.4 by KOH addition) by heating to 92 ◦C for 2 min and
allowing to cool to room temperature over 4 h after which it
was further diluted to 317 nM with buffer. Stock solutions of
the branched polyamides P1 to P8 at concentrations of 42.9 lM
were prepared in potassium chloride-cacodylate buffer. The stock
oligonucleotide and polyamide solutions were supplied to a Gilson
Cyberlab C-200 Robotic Workstation programmed to prepare
96 well plates (Bio-Rad MLL9651) containing 100 lL aliquots
per well with an oligonucleotide concentration of 200 nM and a
concentration series of 0, 0.10, 0.16, 0.25, 0.40, 0.63, 1.00, 1.59,
2.51, 3.98, 6.31 and 10.00 lM for each polyamide. The wells were
covered (Bio-Rad TCS0803 Flat Cap Strips) and the plate placed
in a DNA Engine Opticon 1 real-time PCR cycler (MJ Research).
Fluorescence was measured at 0.5 ◦C intervals whilst increasing the
temperature from 30 to 100 ◦C at a rate of 1 ◦C min−1. Excitation
was at 450–495 nm and detection at 515–545 nm. Data analysis
was performed using Origin Pro 7.0 (OriginLab Corporation). A
Labtalk script was written to import an ASCII file of the data into
a worksheet and calculate the Tm from the maximum of the first
derivative for each well. The Tm values were then plotted against
concentration for each polyamide. Four repeat experiments were
performed and the data from the four Tm–concentration plots were
averaged to give the final plot shown. Kendall’s rank correlation
coefficient between DTm and log(Ka) was calculated using the
program kendl1.20
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We describe the design, synthesis, and properties of nucleoside monomers in which the DNA base is
replaced by fluorescent hydrocarbons and heterocycles, and the assembly of these monomers into
DNA-like molecules in which the all bases are fluorescent. As monomers, such molecules have useful
applications as reporters in the DNA context. The use of fluorescent DNA bases, rather than
more traditional fluorophores tethered to the DNA strand, gives a more predictable location and
orientation, and yields a more direct response to changes that occur within the helix. In addition
to uses as monomers, such compounds can be assembled into polychromophoric oligomers
(“oligodeoxyfluorosides” or ODFs). ODFs are water soluble, discrete molecules and are easily arranged
into specific sequences by use of a DNA synthesizer. They have displayed a number of properties not
readily available in commercial fluorophores, including large Stokes shifts, tunable excitation and
emission wavelengths, and sensing responses to physical changes or molecular species in solution. We
describe an approach to assembling and screening large sets of oligofluorosides for rapid identification
of molecules with desirable properties. Such compounds show promise for applications in biochemistry,
biology, environmental and materials applications.


I. Introduction


Fluorescent DNA base analogues have been known for more than
three decades.1,2 Since the earliest reports there has been a steady
increase in the study of this class of molecules. The rising interest
in such compounds comes from several developments in organic
chemistry, physics, engineering, biochemistry, and biology. First is
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the wide recognition of fluorescence as an extremely powerful tool
in biochemistry and biology.3 Much of the power of fluorescence
comes from the large signal and low background signals that can
be achieved. Also important in the development of fluorescence
as a tool has been the development of a wide array of instruments
that take advantage of fluorescence, including microscopy, flow
cytometry, spectrometry, and of photophysical methods such as
steady-state emission and/or excitation, time-resolved fluores-
cence, anisotropy, fluorescence resonance energy transfer (FRET),
two-photon absorption, and quenching. Also enhancing interest in
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fluorescence has been the realization that this property can arise in
a wide variety of molecules and structures, including many classes
of organic frameworks (coumarins, fluoresceins, cyanines, bodipy
dyes, to name just a few), in proteins such as green fluorescent
protein, and even with inorganic particles such as quantum dots.3,4


This variation in molecular and electronic structure leads to a
wide range of photophysical properties such as molar absorptivity,
quantum yield, Stokes shift, lifetime, and ability to respond to the
environment and other electronic systems. Fluorescent DNA base
analogues have begun to increasingly take advantage of this wide
variety of properties and applications of fluorescence in general.


The topic of this Perspective is nucleoside compounds in which
a natural DNA base is replaced by an entirely different structure
having fluorescent emission. At first glance this may seem to be a
rather narrow class of molecules; however, we hope to convince the
reader that the opposite is true, and that an extremely broad array
of molecules and properties can come from this type of structure.
Indeed, almost the only thing in common for the entire class
besides fluorescence is a sugar substituent; virtually everything
about these molecules—their structure, their properties, and their
applications, can vary widely. Moreover, we will demonstrate
that they can be useful not only as individual structures, but
also in oligomeric assemblies, where an even broader variation
in molecules and properties can exist.


Until relatively recently, fluorescent DNA base analogues have
been used most commonly in basic science applications. These
compounds can be used in the context of DNA or RNA or
mononucleotides, and since these species play a role in an im-
pressively large number of biological processes, fluorescent DNA
bases have been applied in the study of quite a number of these
different biosystems. These fluorescent reporters have been used in
structural studies of DNA and RNA, and in enzymatic processes
involving DNA such as DNA repair and DNA replication. Some
examples of these kinds of basic applications will be given below.


In addition to the basic science, very recently there have
also appeared a number of molecular strategies for applying
fluorescent DNA base analogues in biotechnological settings.
Examples of such applications include sensing of single nucleotide
polymorphisms (SNPs), and in sensing physical conditions and
molecular species in solution. It seems likely that such uses will
increase in the coming months and years. A few examples of this
type of application will also be described here.


To be sure, there are numerous ways to label DNA, RNA and
mononucleotides with fluorescence, and not all of those ways
involve the use of fluorescent DNA base analogues. Indeed, it
is quite common to tag synthetic oligonucleotides (ODNs) with
fluorescence labels added at either end of the strand, and these tags
can be added either during the synthesis of the oligonucleotide,
or afterwards in a post-synthetic strategy. In addition, it is
common to attach fluorophores to DNA bases by tethers attached
typically at the 5-carbon of C or T(U) or at the 7-position of
7-deazapurines. This allows the positioning of fluorescent tags
at many (if not all) sites along a DNA helix. One of the most
important examples of the use of such a labeling strategy is in
methods for sequencing DNA.4a Thus, given these other common
strategies for labeling DNA, one may well ask why we need to
replace DNA bases with fluorescent analogues. The answer to this
lies in the fact that there are many different biological systems
and applications in which fluorescence can be useful, and the


different systems and structures place varied requirements on
the reporter molecules being used. One chief difference between
tethering known fluorophores to DNA, and replacing DNA bases
directly with fluorescent analogues, is the tether itself. Typical
tethers for attaching fluorophores to DNA involve several to as
many as 1–2 dozen bonds, and often make use of simple linear
alkyl chains. This flexible tethering results in the fluorophore
having a good deal of mobility on a rapid timescale, and leads to
uncertainty in the fluorophore’s location and orientation. While
this may not be a problem in some applications, it is directly
important to a few where distance and structure play a central
role. In addition, the tether and the attached fluorophore adds
a considerably bulky group onto the DNA or especially onto a
nucleobase, when it is attached there. This can easily negatively
affect the biochemical or biological properties—again, not in all
cases, but in some important ones.


In contrast to this, fluorescent DNA base replacements can be
considerably smaller and less disruptive to local structure and to
interactions with other biomolecules. As with natural DNA bases,
the DNA backbone arranges fluorescent DNA base analogues in
a position to potentially stack directly within the double helix. Not
only does this place them at the “center of action” in a number
of biological processes such as DNA repair and replication, but it
also can give them a more certain, rigid and predictable location
and orientation. This can be useful in applications such as in
distance measurements with FRET, and in time-resolved studies.
Finally, the lack of bulky sidechains and tethers also can open
the possibility of retention of biological activities that might
otherwise be blocked by the added bulk. Thus it seems certain that
fluorescent DNA base replacements will continue to find useful
applications in biological studies because of the unique properties
that these compounds bring.


The aim of this Perspective is to give a brief background on
the historical development and applications of fluorescent DNA
base replacements, and then to focus on recent literature and
uses of this class of compounds. We will not cover the topic of
natural DNA bases with known fluorophores tethered or attached
to them as substituents; those compounds are part of the more
classical strategy for labeling DNA, as mentioned above. In this
Perspective there will be special emphasis on work in this area
from the authors’ laboratory, and so the review of the literature is
not intended to be comprehensive. We hope that a brief glimpse
into one laboratory’s ongoing research will not only present one
strategy for development of these molecules, but also pique the
reader’s interest in the field as a whole.


II. Fluorescent nucleobases: early examples


One of the earliest reports of fluorescent nucleobase substitutes
was of adenosine analogs formycin (1), 2-aminopurine riboside (2)
and 2,6 diaminopurine riboside (3) (Fig. 1).5 In their pioneering
study, Ward et al. explored the photophysical properties of the
monomers and polynucleotides under different pH’s, solvent po-
larities and temperatures (Table 1). Fluorescent ribosides 1–3 are
characterized by absorbance maxima ranging from 280–303 nm—
slightly red shifted compared with natural bases. Emission maxima
ranged from 340–370 nm, which is also red shifted compared with
natural bases with 1 and 3 being only weakly emissive, while 2
is highly emissive. Fluorescence studies of tRNA incorporating
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Fig. 1 Structures of fluorescent ribosides 1–3; R1 = ribose.


Table 1 Photophysical dataa of fluorescent ribosides 1–35


kmax, abs/nm kmax, em/nm Uem s/ns


1 295 340 0.06 <1
2 303 370 0.68 7
3 280 350 0.01 <1


a Data obtained in aqueous buffer, pH = 7.0.


1 at the nucleoside terminus showed significant dependence on
temperature and pH demonstrating the utility of fluorescent
nucleobases in determining interactions in biomacromolecules.


A fluorescent analogue of the coenzyme NAD+ was reported
by Leonard.1 Reaction of NAD+ with chloroacetylaldehyde gen-
erated nicotinamide 1,N6-etheno-modified adenine dinucleotide,
(eNAD+, 4) (Fig 2). The optical properties of eNAD+ and
5′ eAMP (5) were compared (Table 2). Both molecules have a
maximum absorption between 265 and 275 nm, but a prominent
shoulder of lower energy allows for longer wavelength excitation at
300 nm. The emission maximum of both molecules is 410 nm. This
represents a Stokes shift of over 100 nm, pushing emission into
the visible range when compared to earlier fluorescent nucleoside
analogues. The quantum yield of 4 is only 0.07 while that of 5
is 0.56. The low quantum yield and shorter reported lifetime in
the dinucleotide were indicative of quenching by the nicotinamide
moiety. Hydrolysis by NADase resulted in increased fluorescence
confirming the quenching by intermolecular interaction. The
authors concluded that such systems would function as effective
fluorogenic probes for enzymatic activity.


Fig. 2 Structures of fluorescent dinucleotide 4 and nucleotide 5.


Table 2 Photophysical dataa of fluorescent ribosides 4, 51


kmax, abs/nm kmax, em/nm Uem* s/ns


4 265 410 0.07 —
5 275 410 0.56 23


a Data obtained in aqueous buffer, pH = 7.0.


Fig. 3 Structures of 6 and 7; R2 = deoxyribose.


Table 3 Photophysical data of fluorescent ribosides 1–32


kmax, abs/nm kmax, em/nm Uem


6 360 434 0.82
7 370 456 0.62


a Data obtained in aqueous buffer, pH = 7.0.


Godde et al. reported the synthesis of fluorescent thymidine and
deoxycytidine derivatives and their emissive behavior in duplex
and triplex formation (Fig. 3, Table 3).2 A naphtho-substituted
T-analogue, 6, displays absorption maxima at longer wavelengths
relative to dT with strong emission at 434 nm. Deoxycytidine
analogue 7 was even further red shifted with respect to absorbance
and emission spectra, with a slightly lower quantum yield. The
emissions of both 6 and 7 were sensitive to neighboring bases
and to oligonucleotide structure. When 6 was incorporated into
strands containing only T and C, emission was lowered by only
15%, though, when placed between two Gs, emission intensity
was lowered by 99%. Little change in the emission maxima or
intensity of 6 was found upon duplex formation; however, changes
observed upon triplex formation were more pronounced when the
fluorescent base was on the Hoogsteen strand compared with the
Watson–Crick strand. C analogue 7 was also shown to be sensitive
to pH and thus served as a probe to determine protonation states
in triplex formation.


III. Fluorescent hydrocarbons


Although the earliest examples of fluorescent DNA base re-
placements were heterocycles (like DNA bases themselves), we
showed that polycyclic hydrocarbons could also function as
base replacements. Nucleosides of polycyclic aromatics such as
naphthalene, phenanthrene and pyrene (8) can be synthesized
by coupling organocadmium or organozinc derivatives of the
aromatic “bases” with Hoffer’s chlorosugar.6 The a-epimers can
be obtained as major products, which can either be used in that
form or subjected to epimerization to provide b-deoxyribosides.
Early studies of pyrene and phenanthryl nucleosides revealed
emission behavior similar to the parent fluorophores (e.g., kmax =
375 nm, U = 0.12 for 8). However, when incorporated into
oligonucleotides, 8 was significantly quenched due to interactions
with neighboring bases.


More recently the collection of fluorescent hydrocarbon nucle-
osides has been expanded to include deoxyribosides of perylene
(9), its O-linked variant oxoperylene (10), and benzopyrene (11)
(Fig. 4, Table 4).7 These compounds display blue emission with
high quantum yields even in protic solvents (U = 0.88–0.98).
Other groups have also utilized 9: a set of DNAs incorporating
both perylene nucleosides and “caps” was reported.8 The perylene
nucleosides were of two types, with the perylene either directly
attached to the 1′ position (9) or attached via an alkyl tether. The
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Fig. 4 Structures of fluorescent hydrocarbon nucleosides 8–11; R2 =
deoxyribose.


Table 4 Photophysical dataa of fluorescent ribosides 8–116,7


kmax, abs/nm e/cm−1 kmax, em/nm Uem


8 241, 345 39 000 375, 395 0.12
9 440 39 200 443, 472 0.88
10 444 25 100 461, 487 0.81
11 394 28 200 408 0.98


a Data obtained in methanol.


inclusion of the large aromatic base at multiple positions was found
in most cases to stabilize both duplexes and triplexes, with a larger
stabilization found in the latter structure. Only small changes in
fluorescence intensity were observed for the ODNs containing
one perylene unit. Greater increases in fluorescence intensity were
found when ODNs containing two perylenes were hybridized with
their complements.


It has been reported that large aromatic non-hydrogen bonding
bases can “pair” stably opposite deoxyribose residues lacking
bases (i.e., abasic sites) in dsDNA.9 A pyrene–abasic pair was as
stabilizing to the double helix as an A–T pair in some contexts. An
NMR structure of dsDNA with a pyrene–abasic pair showed that
the pyrene resides inside the helix opposite its abasic partner. This
behavior emphasizes the central role that stacking of the bases
plays in stabilization of duplex DNA.


An intercalating pyrene “pseudo-nucleotide” was reported to
discriminate DNA and RNA based on fluorescence intensity and
differences in Tms.10 A pyrene fluorophore linked to a glycerol
backbone was incorporated into ODNs to create “intercalating
nucleic acids” (INAs). When the “base” was included as a dangling
end of a self-complementary 6-mer and 8-mer, it was found to
increase Tms substantially; however, when incorporated in place
of a complementary base, it was found to decrease the Tm. When
introduced as an intercalating bulge, a single pyrene increased Tm


in duplex DNA. A double-bulge-containing DNA–INA complex
could be discriminated from RNA–INA complexes based on
substantial differences in Tms as well as increased quenching in
the DNA–INA complex.


IV. Other examples of fluorescent base replacements


Coleman reported the synthesis of C-linked coumarin deoxyri-
boside, 12, as a fluorescent probe of DNA dynamics (Fig. 5,
Table 5).11a Coumarin dyes are known for their high quantum
yields, and coumarin 102 has an absorption maximum at 400 nm
which allows for its selective excitation in the presence of natural
DNA bases. The coumarin fluorophore was attached to the sugar
via a palladium-catalyzed coupling of the triflate derivative of
coumarin 102 to an alkenyl glycal. The resulting coumarin nucle-
oside was incorporated into ODNs using automated synthesis and


Fig. 5 Structures of fluorescent nucleosides 12 and 18. R2 = deoxyribose.


Table 5 Photophysical dataa of fluorosides 19, 2711,14b


kmax, abs/nm kmax, em/nm Uem


12 400 515 —
18 375 500 0.20


a Data obtained in aqueous buffer (12, pH = 7.2; 18; pH = 7.5).


paired opposite a tetrahydrofuran abasic site in duplex DNA. This
led to a moderate decrease in Tm. The coumarin “base” was
subsequently employed as a fluorescent probe of the dynamics
in the interior of the DNA duplex by time-resolved Stokes shift
spectroscopy.11b


Saito has produced a number of fluorescent nucleosides which
can roughly be divided into two types: novel expanded-ring-system
nucleobases12 and nucleobases with pendant fluorophores (Fig. 6,
Table 6).13 Attractive fluorescent properties in 13–15 are gained
by fusing benzo- and naphtho-ring systems to hydrogen bonding
aromatic rings. These bases are able to hydrogen bond opposite
natural nucleobases and produce substantial emission responses


Fig. 6 Examples of fluorescent nucleobases reported by Saito. R2 =
deoxyribose.


Table 6 Photophysical dataa of fluorosides 13–1712a,c,13a,d


kmax, abs/nm kmax, em/nm Uem


13 365 395 0.26
14 347 390 0.04
15 355 383 0.027
16 329 393 0.147
17 303 440 (LE), 540 (ICT)b 0.01


a Data obtained in aqueous buffer (pH = 7.0). b LE = locally excited state;
ICT = intermolecular charge transfer state.
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leading to their moniker as ‘base-discriminating-fluorosides’
(BDFs).


Saito has also reported several pendant fluorophore-labeled
nucleobases which combine a fluorophore via a short tether to
a natural nucleoside (16,17). This class of fluorescent nucleobase
may also function as BDFs capable of single nucleotide dis-
crimination: in the presence of a perfect match, the pyrene is
located outside the helix, eliminating quenching interactions with
neighboring bases. DNA dynamics can also be monitored by this
type of construction using a donor–acceptor substituted pyrene
tethered to a dU nucleoside (17).13a This fluorescent nucleoside
probe was able to differentiate between ss and ds DNAs by
modulating ICT vs. LE fluorescence, which correspond to emission
at 540 and 440 respectively.


While many fluorescent nucleosides, such as 2-aminopurine,
suffer from emission quenching when incorporated into ODNs or
duplexes, 18 is reported to be largely insensitive to luminescence-
diminishing interactions with neighboring bases (Fig 5, Table 5).14


This expanded ring structure based on cytidine has a long
wavelength absorption maximum at 375 nm and emits in the green
region of the spectrum with a maximum at 505 nm. The lack of
quenching of 18 in ODNs has been explained by its lower oxidation
potential relative to G, which may eliminate PET as a quenching
mechanism. Through NMR and anisotropic characterizations, 18
has been demonstrated to occupy a well-defined geometry within
duplex DNA, and experiments have shown that it may increase
the stability of duplexes in which it is substituted.14a


V. Fluorescent metal ligands


Organic ligands for metals are quite often constructed from flat
aromatic heterocycles, and thus this structural feature is shared
in common with DNA bases. A substantial number of such metal
ligands can be fluorescent either alone or in complexes with metals.
For example, the synthesis of a porphyrin deoxyriboside produced
a DNA monomer that can function both as a fluorophore and as
a metal ligand (Fig. 5, Table 5).15 Porphyrins are characterized by
high molar absorptivities making them interesting chromophores
and sensors. Porphyrin nucleoside 19 has an absorbance maximum
(Soret band) at 400 nm with additional less pronounced transitions
at longer wavelengths (Fig. 7, Table 7). Upon photoexcitation, it
fluoresces a deep red. Although the quantum yield is moderate,
the emission intensity remains relatively constant regardless of
the neighboring bases, which can quench the emission of other
fluorescent bases such as 2-aminopurine by almost 100-fold. While
the nucleoside was found to be destabilizing when situated in the
middle of a duplex opposite a base or an abasic site, CD spec-
troscopy indicated that the porphyrin ‘base’ was located within
the duplex, which is not unexpected given its large hydrophobic
structure. Interestingly, the porphyrin nucleoside was found to
increase Tms moderately at the end of a duplex.


A number of authors have reported examples of metal “lig-
andosides” (a term coined by Tor in describing a bipyridyl
nucleoside).16–19 While it is not reported whether many of the
bases are fluorescent, there often were changes in the absorption
spectra upon complexation. For example, bipyridyl “base-pairs”
are formed when complementary sequences containing them are
complexed in the presence of Cu2+ giving rise to a red shoulder (ca.
310 nm) in the absorbance spectra and a concomitant increase


Fig. 7 Structures of fluorescent ‘ligandosides’ 19–21. R2 = deoxyribose.


Table 7 Photophysical data of fluorescent deoxyribosides 19–2115,20


kmax, abs/nm e/cm−1 M−1 kmax, em/nm Uem s/ns


19 400 32 400 629 0.11 —
20 360 13 700 494 0.05 0.45
21 370 13 600 539 0.009 0.36


a Data obtained in methanol.


in Tm.16 A self-assembled array of metal ions was described
by Tanaka et al., utilizing hydroxypyridone nucleobases paired
around a Cu2+ ion.19 Duplex formation of sequences containing
varying numbers (1–5) of the artificial “base” was confirmed by
several methods including CD and UV–vis spectroscopy. Other
authors have reported metal coordinating base pairs but changes
in absorption or emission were not specifically noted.17,18


We have reported pyridobenzimidazole nucleosides (20, 21)
which function both as metal ligands and as fluorescent nucle-
obases with the goal of detecting a range of metal ions through
various emissive responses (Fig. 7, Table 7).20 Nucleoside 20 has
an absorption maximum at 360 nm and the benzo-expanded
derivative 21 has a slightly longer absorption maximum at 370.
Both compounds emitted in the visible range with maxima at
494 and 539 nm, respectively. The nucleosides were screened
individually for emission responses to various transition metal
ions. The fluorescent nucleobases also demonstrated cooperative
behavior when combined in dsDNA sequences as “base-pairs”,
leading to emission responses that were in some cases entirely
different than the responses of either ligandoside alone.


VI. Expanded-size DNA bases


Expanding the p system of DNA bases can result in attractive
optical properties such as longer wavelength excitation as well
as enhanced emission. When the hydrogen bonding groups of
natural bases are retained, this can lead to useful features. One
of the first reported examples of this type of fluorescent base,
was Leonard’s lin-benzoadenosine (22), in which the purine ring
system was increased in size by insertion of a benzene ring (Fig. 8,
Table 8).21b,c The benzo-expanded p system displayed red shifted
absorption maxima relative to dA (348 nm vs. 280 nm) as well
as bathochromically shifted emission maxima (372 vs. 315 nm).22


Importantly, 22 has a relatively high quantum yield compared to
dA, which has a negligible quantum yield in solution at room
temperature.


More recently we described the synthesis of a complete set
of analogous benzo-expanded nucleosides (23–26).23a,c The base-
pairing and helix forming properties of these expanded DNA
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Fig. 8 Structures of expanded fluorescent nucleosides which maintain the hydrogen bonding patterns of natural DNA. Top row, ‘xDNA’, bottom row
‘yDNA’ and ‘yyDNA’. R1 = ribose; R2 = deoxyribose.


Table 8 Summary of optical dataa for expanded nucleobases 22–3121,23–25


kmax, abs/nm e/cm−1 M−1 kmax, em/nm Uem


22 340, 356 — 358, 379, 395 0.44
23 231, 260, 333 11 000 393 0.44


530 (excimer)
24 330 4100 388 0.52
25 320 3400 413 —
26 320 3400 377 0.30
27 262, 355 — 433 —
28 231, 312 33 900, 2780 375 0.40
29 221, 315 38 100, 3040 390 0.54
30 262, 362 30 100, 1510 446 0.67
31 262, 371 51 500, 1690 433 0.35


a Data obtained in methanol except 22 measured in aqueous buffer (pH =
7.0).


(“xDNA”) bases have been studied in detail.23b,c,d Their optical
properties make them quite interesting as fluorophores with
potential applications in DNA sensing. The longer-wavelength
absorption (Table 8) allows them to be selectively excited in
the presence of natural DNA bases. They also display relatively
high quantum yields, another desirable feature of fluorescent
nucleobases. The longest wavelength emission for an xDNA base
is that of dxG (25) which emits at 413 nm.


Another set of stretched nucleobases, called yDNA (short for
“wide DNA”) has also been reported.24 These too display longer-
wavelength absorption and emission. In particular, yA (27) has
an emission maximum of 433 nm, which is 40 nm further red
shifted than its xDNA counterpart. The emission maxima of
yC (29) and yT (28) are only slightly shifted relative to xC
and xT. Other interesting emission properties have also been
noted; for example, sequences containing multiple xAs exhibit
an additional low-energy emission peak centered at ∼510 nm.
This peak increases in intensity with an increasing number of
xA residues included in the ODN strand and could be ascribed
to excited state interactions such as excimer formation between
neighboring xA chromophores.


Very recently, we have reported examples of naphtho-expanded
derivatives of C and T bases, yyC (31) and yyT (30).25 These doubly
expanded analogues exhibit absorption maxima even further red
shifted from the singly-expanded nucleobases and exhibit intense
blue emission (kmax = 433 and 446 nm, respectively).


VII. Applications of fluorescent nucleobases in DNA
sensing


Fluorescent nucleobases have recently played an important role
in the development of new strategies for detecting DNA hy-
bridization and discriminating between SNPs. Multiple modes of
detection are possible including emission enhancement, quenching
or changes in emission wavelength. For example, many large
aromatic hydrocarbons are known to form excited state dimers
(excimers) when two or more molecules are in close proximity and
one is promoted to a photoexcited state. Pyrene excimer switching
has recently been used in a molecular beacon type construct to
detect target DNAs.26


Using the previously reported pyrene nucleoside 8,6 we designed
an excimer-based scheme for detecting DNA sequences. In this
strategy, two adjacent strands containing pyrene nucleobases each
form part of a complementary strand to a DNA target.27 When
both strands hybridize on the target, the excimer fluorescence can
be detected. A set of targets was designed to explore the distance
and conformation dependence for excimer formation. It was found
that having “dangling” bases formed excimers most efficiently,
apparently allowing the bases to achieve the right orientation
for excimer formation. This sensor route successfully detected a
known ras codon 12 point mutation in vitro as a proof-of-principle
demonstration.


Saito has introduced a set of base-discriminating fluorescent
nucleobases (BDFs). BDFs constructed from pyrene-labeled U
(17) and C (16) selectively bond to their Watson–Crick partner,
A and G respectively.13d When confronted with a mismatch,
the pyrene instead of the nucleobase, is believed to be inserted
into the duplex and emission is subsequently quenched. When
properly paired, the pyrene is located outside the duplex and is
not subject to quenching by neighboring bases. This results in
so-called “turn-on” fluorescent sensors. Another example of a
pyrene-labeled nucleoside is PyA which is actually quenched in
the presence of T.13b However, a turn-on sensor for T was achieved
by using the slightly altered 8PyA.13c BPP nucleoside can also
discriminate between A and G.12a In the presence of A, it is brightly
fluorescent. A naphtho-expanded A analogue selectively detected
C by emission enhancement as a FRET donor to fluorescein.12b


Taken together, the BDF nucleobases represent an impressive
collection of fluorescent base replacements that can be used to
detect SNPs and base-mismatches.
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VIII. Applications in enzymatic activity


Much of the interest in fluorophore nucleobase replacements
is centered around their ability to mimic natural nucleobases
while at the same time reporting the activity of enzymes acting
upon them by optical means. Some of the earliest examples
were reported by Leonard, who employed adenosine analogues
as fluorescent reporters.1 Here the long wavelength absorption
and emission properties of these novel nucleobases were employed
to eliminate interference from UV active amino acid residues
and natural nucleobases. eATP was found to be a suitable
substrate for ATP in several enzyme systems including adenylate
kinase, phospho-fructokinase pyruvate kinase, and hexokinase.
Binding and activity were on the same order of magnitude as
the natural substrate for all of these enzymes and in one case
could be followed by a simple TLC of the reaction monitoring
the spots by their fluorescence. Expanded adenosine analogue 22
was found to be a suitable substrate for calf intestinal adenosine
deaminase, producing the lin-benzohypoxanthine derivative of 22.
This compound, in turn, was found to be an active metabolite for
xanthine oxidase.


RNA polymers containing the ATP analogues 1 or 2 were
prepared using synthetic templates and E. coli RNA polymerase
to produce alternating copolymers of ATP analogues and uracil
derivatives.5 The emission intensity of the polynucleotides was 2
to 3 orders of magnitude less than the corresponding monomers.
Furthermore, it was found that the residual fluorescence of the
polynucleotides resulted from 2-aminopurine residues near the
terminus of the chains. Thermal denaturation of the double
helices increased the emission intensity of the polynucleotides by
a factor of 3 to 10. The authors speculated on the mechanisms of
quenching suggesting effects due to the close packing of the bases
and concluded that fluorescent analogues of ATP would allow
investigations into the structural dynamics of nucleic acids as well
as their interactions with enzymes.


A set of fluorescent analogues based on a pteridine ring system
was reported by Pfleiderer including A (32) and G (33) analogues
as well as benzo-, naphtho- and anthra-appended analogues
(34–36) (Fig. 9, Table 9).28 The fluorescent nucleosides were
incorporated into oligonucleotides by automated synthesis. The
larger ring systems in 34–36 were found to have a small stabilizing
effect on duplex Tms, possibly due to increased stacking ability,


Fig. 9 Structures of fluorescent nucleosides 32–36. R2 = deoxyribose.


Table 9 Photophysical dataa of fluorescent deoxyribosides 32, 3328


kmax, abs/nm e/cm−1 M−1 kmax, em/nm Uem s/ns


32 310 — 430 0.39 3.8
33 350 41 000 425 0.88 —


a Data obtained in aqueous buffer (32, pH = 7.5; 33, pH = 7.6).


while 32 and 33 were slightly destabilizing. Quenching of the
fluorophores occurred when incorporated into oligonucleotides;
however, this allowed for so-called “turn-on” emission-based
assays when the fluorescent nucleotides were released from the
parent oligonucleotide. Guanosine analogue 33 was used in a
real-time fluorescence assay for activity of HIV-1 integrase while
adenosine analogue 32 was employed in a P1 nuclease digestion
assay.


Large polycyclic aromatic bases such as pyrene can function as
effective base pairs for abasic sites and can even be incorporated
into a growing strand of DNA during replication.29 The Klenow
fragment of E. coli DNA polymerase I was shown to pair the
5′-triphosphate derivative of 8, dPTP, opposite an abasic site
with high fidelity and efficiency, even when given the option of
natural nucleotides. Polymerase activities around TT photodimers
in DNA have also been explored utilizing dPTP.30 In a direct com-
petition assay, dPMP was found to be preferentially inserted over
dAMP opposite the 3′ T of most TT dimers. Thus, derivatives of
8 appear to be attractive mechanistic probes of enzyme responses
to DNA damage involving abasic sites or their analogues.


Polycyclic aromatic bases were found to stabilize base-flipping
DNA–methyltransferase M*TaqI complexes when paired oppo-
site the flipped base.31 When incorporated into dsDNA, 8 was
found to stabilize the enzyme–DNA complex by a factor of 400,
perhaps owing to its large size and increased stacking interactions.
Similarly, studies of uracil DNA glycosylase acting upon a U–Y
base pair, showed that the pyrene nucleotide “wedge” flipped the
U outside the helix as effectively as the enzyme’s native Leu191
wedge.32


Singleton employed a fluorescent pyrimidine analogue as a
probe for the dynamics of E. coli. RecA complexation with
ssDNA.33 While inherently emissive as the free nucleoside, when
incorporated into ODNs, fluorescence was, for the most part,
quenched. Emission quenching was only partially reversed upon
complexation with RecA protein, but the increase in polarized
emission was far more prominent.


IX. Fluorescent nucleobases in oligomeric form


Oligomers of chromophores have recently attracted interest as
light harvesting antennae, energy transfer systems as well as
models for electron and hole transport. A number of molecular
scaffolds have been employed, including polymers, polypeptides as
well as nucleic acids.34–36 DNA is a particularly attractive platform
for assembling arrays of chromophores and fluorophores due to
the ease of synthesis, water solubility, and well-defined structure
offered by the backbone. Recently multistep energy transfer via
FRET between four dyes tethered to a DNA backbone was
reported.36b


We hypothesized that multiple modes of energy transfer
including FRET as well as charge transfer, excimer and exciplex
formation would occur in oligomers of fluorescent nucleobases.
Rather than tethering fluorophores to natural bases, we planned
to encourage close contacts (3.4 Å) found in natural DNA that
lead to p–p interactions. A number of photophysical outcomes
could result from photoexcitation of such a system, including
antenna effects leading to increased brightness, quenching, and
hypsochromic and bathochromic shifts in emission wavelength.
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Fig. 10 Scheme for the construction of a library of polyfluors: using
only a small family of fluorescent nucleosides (top, R2 = deoxyribose), the
combinatorial synthesis yields a 256-member library of tetramers with a
broad array of colors (bottom).


Using a small set of fluorophore nucleosides (Q, O, D, Y,
Fig. 10), a library of polyfluors was constructed using a ‘split and
pool’ strategy on a DNA synthesizer employing phosphoramidite
chemistry (Fig. 10).7a Each coupling reaction was encoded using
a molecular tagging system so that composition and sequence
could be determined after selecting individual beads. The resulting
library demonstrated a number of attractive properties. Almost
50 colors and hues were found ranging from violet to orange
despite only using four individual fluorophores. Most remarkably,
this diversity was achieved with a narrow range of UV excitation
(340–380 nm) owing to the large Stokes shifts that resulted from the
oligomeric fluorophores (Fig. 11). A set of fluorophores with large
Stokes shifts and single wavelength excitation would be desirable
in bioassays where a single, relatively inexpensive LED lamp could
function as an excitation source for multiple reporter dye colors.


A second, larger library of over 14 000 members was constructed
more recently using 11 nucleosides in oligomers four units long.
The library was screened for color changes upon exposure to
light.7b While many fluorophores demonstrate photobleaching
upon extended light exposure, certain oligodeoxyfluorosides in
this library exhibited large hypsochromic shifts in their emission
spectra after exposure to UV light. This demonstrated the use of
oligodeoxyfluorosides in sensing.


Recently Mayer-Enthart and Wagenknecht introduced a he-
lical array of pyrene-based fluorophores assembled on a DNA
backbone.37 Directly conjugating the pyrene moiety to the C-5
position of deoxyuridine (as opposed to linking via a flexible
tether) results in electronic coupling and modification of the
emission spectra of pyrene. Hybridization of the labeled ss-
DNA with its complementary strand to form a duplex results
in a dramatic enhancement of emission intensity as well as a
hypsochromic shift.


As described above, derivatives of 8 have been shown to be
suitable substrates for certain enzymes. We recently employed
terminal deoxynucleotidyl transferase to synthesize polyfluors
using dPTP, the 5′ triphosphate derivative of 8.38 Surprisingly, both
a and b anomers functioned as suitable substrates for elongation
of a DNA primer. Extension terminated with either 3 or 4
pyrene nucleotide additions for the a and b anomers, respectively.
The resulting trifluorophore and tetrafluorophore deoxyriboside
oligomers displayed the characteristic blue-green emission of the


Fig. 11 Example of the large Stokes shifts found in certain sequences of oligodeoxyfluorosides. UV-excitation (345 nm) of the tri-pyrene sequence
produces pyrene excimer emission centered at 490 nm. See ref. 7a for additional examples.
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pyrene excimer (kmax = 475 nm). Thus, using the TdT enzyme,
one could generate homogeneous excimer labels with the possibil-
ity of applications in bioassays.


X. Conclusions and future prospects


Even a short survey of the literature makes it quite clear that there
is a surprising variety of fluorescent DNA base replacements,
and that they can be useful in many ways. There are now
several broad classes of fluorescent DNA base replacements.
Some of these closely resemble natural bases; this includes the
classical case of 2-aminopurine and the recently studied cytosine
analogues, and the substituted analogues of Saito. Some use
heterocyclic frameworks that differ from the natural ones, such
as those of Pfleiderer and Hawkins, but still retain the ability
to undergo hydrogen bonding similar to their natural congeners.
Some examples resemble natural DNA bases in their hydrogen
bonding arrangements, but rely on added size to add fluorescent
properties; this includes the benzoadenine of Leonard and the
“xDNA” and “yDNA” nucleobases from our laboratory. Finally,
many of the new cases do not resemble natural DNA bases at all,
except that they include (as with DNA) a flat, aromatic structure.
This brings in several new classes of fluorescent compounds, some
that are simple hydrocarbons (such as pyrene) or heterocycles
(such as oligothiophene), and a broad set from several labs that
act as ligands for metals. It is virtually certain that this variety will
increase further as more scientists participate in this field.


Fluorescent DNA base replacements have already been used
in a variety of biochemical and biotechnological applications,
and the number of these applications is likely to rise. We have
outlined several examples of uses of these reporters in the basic
study of the biochemistry of nucleotide use, in the study of DNA
synthesis by DNA polymerase enzymes, and in examination of
structures involved in DNA repair mechanisms. Moreover, the
biotechnological applications of these molecules are increasing;
to date the main use has been in the detection of specific DNA
sequences in solution, but it seems likely that other applications
will be reported soon.


In addition to the use of fluorescent DNA base replacements as
individual molecules and single labels, these monomeric species
can be assembled into oligomeric form, either by use of a
DNA synthesizer, and likely by enzymatic methods as well. By
combining different combinations of sequences, this can yield
large sets of molecules of moderate length (e.g., trimers or
tetramers) that are water-soluble and which have an exceptionally
large range of emissive properties. Although the studies of these
molecules are in their early stages, it is clear that the assembly
into oligomers (“oligofluorosides”) can yield properties that do
not exist either in the monomeric components or in commercially
available fluorescent labels. Some of the novel properties include
tunable excitation and emission wavelengths, exceptionally large
Stokes shifts, and the ability to act as sensors. The early results
suggest that additional exploration of this molecular strategy is
warranted.


What is to be expected for the future of fluorescent DNA base re-
placements? First, new kinds of fluorophores are still needed. This
could increase the utility and spectrum of applications of these
compounds. Compounds with new wavelengths of absorption


and emission, and emission intensities will add to the breadth of
properties that are currently available, and will increase the utility
of the compounds in their applications. In addition, a number
of fluorophores in the broader literature are known to be highly
sensitive to their environment; however, this kind of environmental
sensitivity has not been explored much in fluorescent DNA base
replacements. Thus we may expect to see future examples that show
sensitivity to pH or polarity of environment, and this development
will bring about some interesting applications in biology.


Finally, it is certain that new ranges of applications will be
explored in the future with this class of molecules. For example,
since the compounds are based on a biological structure, it seems
certain that we will begin to see applications of such compounds
not just in the biochemical in vitro setting, but also in living
cellular systems. In that setting they may well provide useful
tracking, probing, imaging and sensing applications. In addition,
it is quite possible that more applications in the basic sciences
will also be developed, including not only biophysical systems
but also potentially even in non-biological systems where capture
and transfer of energy, starting in the energy of photons, takes
place.
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Enantioselective allylic oxidation of olefins with various peresters, using a catalytic amount of
Cu(I)-pybox complex, can be tuned to achieve high asymmetric induction (up to 98% ee) by choosing a
unique combination of a ligand and a perester at room temperature. The asymmetric induction in the
reaction strongly depends on the nature of the substituents attached to the aryl ring of peresters. The
presence of a gem-diphenyl group at C-5 and secondary or tertiary alkyl substituents at the chiral center
(C-4) of the oxazoline rings is crucial for high enantioselectivity. A p–p stacking model has been
proposed and discussed to explain the stereochemical outcome of the reaction.


Introduction


Enantioselective allylic oxidation of olefins with peresters to chiral
allylic esters catalyzed by chiral copper complexes is an important
transformation in organic synthesis.1,2 Although a reasonable
progress has been made in this reaction using copper complexes
of a variety of chiral bisoxazoline,3 trisoxazoline,4 and pybox
ligands,5 a balance of high enantioselectivity and shorter reaction
time still remains a major concern. High enantioselectivity (94–
99% ee) has been achieved for this transformation with the use of
tert-butyl p-nitroperbenzoate as an oxidant, but only at the cost
of very poor reactivity of catalysts (reaction time 8–17 days).3f


The reactivity of catalysts prepared from the pybox ligand in
our laboratory was enhanced by employing phenylhydrazine in
acetone, but the enantioselectivity could not be improved beyond
93% under this condition.5c In this paper we demonstrate that by
choosing a unique ligand–substrate–reagent combination, one can
obtain, for the first time, excellent enantioselectivity (up to 98%
ee) without losing the reactivity of the catalysts.


A complex of a chiral ligand, 2,6-pyridine bis(4′-isopropyl-5′,5′-
diphenyloxazoline) 1a (henceforth we will call it ‘ip-pybox-diph’)
with Cu(OTf)2 in conjunction with phenylhydrazine in acetone
is known to give 91% ee in the allylic oxidation of cyclohexene
with tert-butyl perbenzoate.5c The reaction was explained using a
transition state model based on p-stacking between phenyl groups
of the pybox ligand and the perester used in the reaction (vide
infra). It is logical to think that electron donating and electron
withdrawing groups on these phenyl substituents would affect the
electron density on the p-face of the aromatic rings, giving useful
information about the transition state model. It was easier to see
the above effect by having different substituents on the phenyl
ring of the peresters. In this paper, we describe our results in a
systematic study for enantioselective allylic oxidation of olefins
using different substituents on the aryl ring of a perester and the
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pybox ligand. The results described here would provide an insight
into the p–p stacking6 in the transition state model.


Results and discussion


Since the reaction is supposed to proceed via a cleavage of the O–
O bond of the perester, it was logical to start with an electron
withdrawing group such as nitro at the para position of the
phenyl ring of the perester which, besides facilitating the cleavage
reaction, should give high enantiomeric excess (ee) in the allylic
oxidation reaction due to a better p–p stacking. Unfortunately,
it was not the case. The reaction was sluggish and the ee was
slightly inferior (86% ee; Table 1, entry 2). A nitro group at the
ortho and meta positions of the phenyl ring gave similar results
(entries 3 and 4). This led us to examine the influence of other
aryl substituents of peroxyesters on enantioselectivity in the allylic
oxidation reaction (Scheme 1) and the results are summarized in
Table 1. Electron donating groups such as methoxy and alkyl
on the phenyl ring of peresters gave similar results as phenyl
(entries 5–7 and entry 11). Since the pentafluorophenyl group
is known to show strong p–p interactions with phenyl groups,
pentafluoro substituted phenyl peroxyester was also used in the
allylic oxidation reaction. Unfortunately, the reaction was very
sluggish (32 h) and the ee dropped down to 40% (entry 13).


Scheme 1 Enantioselective allylic oxidation of cyclohexene with different
peresters and pybox ligands.


So far we have studied allylic oxidation of cyclohexene with
the ip-pybox-diph ligand 1a using different peresters by changing
the electronic environment in the phenyl ring and have achieved a
maximum of 93% ee using tert-butyl p-methoxyperbenzoate (entry
5). In order to gain more information about the reaction, a few
more chiral ligands were synthesized where substituents at only
two positions (C-4 and C-5) were varied (Fig. 1). A single ligand
that produces allyl esters in high selectivity with a wide range of
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Table 1 Enantioselective allylic oxidation of cyclohexene with different
peresters and pybox ligandsa (Scheme 1)


Entry L* Ar Time/h Yield (%) ee (%)b


1 1a Phenyl 1 67 91c


2 p-Nitrophenyl 10 65 86
3 o-Nitrophenyl 16 43 80
4 m-Nitrophenyl 24 56 88
5 p-Methoxyphenyl 2 60 93
6 o-Methoxyphenyl 5 50 91
7 m-Methoxyphenyl 5 57 91
8 p-Chlorophenyl 4 72 87
9 o-Chlorophenyl 5 61 88


10 m-Chlorophenyl 6 44 89
11 4-i-Propylphenyl 1 65 91
12 2,6-Difluorophenyl 1 63 72d


13 Pentafluorophenyl 32 56 40d


14 1b Phenyl 8 57 91
15 p-Nitrophenyl 15 49 87
16 o-Nitrophenyl 15 65 83
17 m-Nitrophenyl 18 63 86
18 p-Methoxyphenyl 5 61 92
19 o-Methoxyphenyl 2 71 98
20 m-Methoxyphenyl 3 63 90
21 p-Chlorophenyl 2 69 89
22 o-Chlorophenyl 3 68 87
23 m-Chlorophenyl 2 55 85
24 4-i-Propylphenyl 5 61 89
25 2,6-Difluorophenyl 21 66 79d


26 Pentafluorophenyl 56 68 52d


27 1c Phenyl 5 77 65
28 p-Methoxyphenyl 4 71 67
29 o-Methoxyphenyl 7 56 68
30 1d Phenyl 11 70 66
31 p-Methoxyphenyl 29 77 63
32 o-Methoxyphenyl 8 69 64
33 1e Phenyl 72 74 56
34 p-Methoxyphenyl 48 64 58
35 o-Methoxyphenyl 55 61 59
36 1f Phenyl 11 40 19
37 p-Methoxyphenyl 17 40 10
38 o-Methoxyphenyl 7 35 12
39 1g Phenyl 2 59 87
40 p-Methoxyphenyl 2 62 89
41 o-Methoxyphenyl 7 58 89
42 1h Phenyl 4 74 66
43 p-Methoxyphenyl 5 61 71
44 o-Methoxyphenyl 2 73 70
45 1i Phenyl 18 85 65c ,e


46 p-Methoxyphenyl 18 73 70
47 o-Methoxyphenyl 20 67 70


a 5 mol% of the chiral ligand was used. b Determined by chiral HPLC
columns. c See ref. 5c. d Determined by converting into benzoyl ester.
e Pfaltz et al. have reported 71% ee (ref. 3a) under other conditions (1i-
CuOTf, MeCN, 3 days).


Fig. 1 Chiral pybox ligands.


substrates will most likely never be found. The metal–ligand
combination will continue to be fine-tuned for each substrate
for both reactivity and selectivity.1a This study is important as
small changes in conformational, steric, and electronic properties
of chiral ligands can often lead to dramatic variation in the
enantioselectivity. The ligands 1a–1g had gem-diphenyl groups at


the C-5 positions, but the variation was made only at the chiral
center, C-4 by having different substituents such as i-Pr (1a), s-Bu
(1b), i-Bu (1c), Bn (1d), Me (1e), Ph (1f), t-Bu (1g). A copper
complex of these ligands was tested for the allylic oxidation
reaction of cyclohexene under the above conditions using selected
peresters. The results are summarized in Table 1. It was observed
that the behavior of the ligands, sb-pybox-diph (1b) and tb-pybox-
diph (1g) was similar to that of ip-pybox-diph (1a). The ligand
1b, that had an s-butyl group at the chiral center, gave excellent
enantioselectivity (98% ee) in the reaction when tert-butyl
o-methoxyperbenzoate was used (entry 19). It was observed that
when a bulkier substituent such as a tert-butyl group at the chiral
center was used as in the ligand 1g, the enantioselectivity dropped
down to 89% (entries 40 and 41). Copper complexes of ligands
1c, 1d, and 1e having other alkyl substituents at the chiral center
gave moderate enantioselectivity (entries 27–35). The ligand 1f
having a phenyl group at the chiral center showed poor catalytic
activity in the allylic oxidation of cyclohexene (entries 36–38).


In order to find out the role of the gem-diphenyl group of the
ligands on enantioselectivity, we studied enantioselective allylic
oxidation with ligands ip-pybox-bn (1h) and ip-pybox (1i) where
the phenyl groups at C-5 of the oxazoline ring were replaced by
benzyl and hydrogen, respectively. From the results in Table 1 (en-
tries 42–47), it was observed that the gem-diphenyl group is crucial
for getting high enantioselectivity in the allylic oxidation reaction.


Based on the results in Table 1, ligands 1a and 1b were chosen for
further study of the above reaction on other olefins and the results
are summarized in Table 2. It was noticed that an optimal combi-


Table 2 Enantioselective allylic oxidation of cyclic olefins with different
peresters using ligands 1a and 1ba


Time/h Yield (%) ee (%)b


Entry Olefin Ar 1a 1b 1a 1b 1a 1b


1 Phenyl 3 20 76 75 70c 65
2 p-Nitrophenyl 13 6 47 42 62 58
3 p-Methoxyphenyl 3 3 55 57 77 72
4 o-Methoxyphenyl 4 4 71 74 80 80
5 Phenyl 6 — 47 — 86c —
6 p-Nitrophenyl 64 72 36 40 85 90
7 p-Methoxyphenyl 96 18 45 45 91 94
8 o-Methoxyphenyl 13 16 42 39 91 87
9 Phenyl 6 24 34 34 94c 95


10 p-Nitrophenyl 36 72 28 39 91 88
11 p-Methoxyphenyl 21 19 31 42 96 90
12 o-Methoxyphenyl 33 48 38 43 91 92
13 Phenyl 120 — 31 — 80c —
14 p-Nitrophenyl 48 72 42 45 66 65
15 p-Methoxyphenyl 29 15 49 50 95 96
16 o-Methoxyphenyl 10 16 62 52 86 82


a 5 mol% of the chiral ligand was used. b Determined by HPLC chiral
columns. c See ref. 5c.
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Table 3 Enantioselective allylic oxidation of 1,5-cyclooctadine using
ligands 1a and 1ba


Ratio ee (%)b


Entry L* Time/h 2a 2b Yield (%) 2a 2b


1 1a 12 3 2 68 93 94
2 1b 5 1 1 70 93 93


a 5 mol% of the chiral ligand was used. b Enantiomeric excess was
determined by HPLC using a Chiralpak AD-H column.


nation of chiral ligands and peresters was desired in order to get
high enantioselectivity. In the case of cyclopentene, a combination
of either 1a or 1b and tert-butyl o-methoxyperbenzoate was more
compatible (80% ee; entry 4). For cycloheptene, a combination of
1b and tert-butyl p-methoxyperbenzoate was quite suitable (94%
ee) in the allylic oxidation reaction (entry 7). Cyclooctene gave
the highest enantioselectivity (96% ee) with a combination of 1a
and tert-butyl p-methoxyperbenzoate (entry 11). Similarly, high
enantioselectivity (95–96% ee) was obtained in the allylic oxidation
of 1,3-cyclooctadiene with a combination of the chiral ligand 1a
or 1b and tert-butyl p-methoxyperbenzoate (entry 15).7


The allylic oxidation of 1,5-cyclooctadiene with tert-butyl-p-
methoxyperbenzoate, under the above conditions, using catalyst
1a and 1b gave a mixture of products 2a and 2b. The optical purity
of these products was 93–94% (Table 3).7


The allylic oxidation of cis and trans mixture of Cyclododecene
was also studied with the catalyst 1a and 1b using tert-butyl-p-
methoxyperbenzoate and a mixture of cis (3a) and trans (3b) allylic
oxidation products was obtained. Under the optimal condition,
3b was obtained with maximum of 57% ee using the chiral ligand
1b (Table 4).7


Although high enantioselectivities were obtained for most of the
cyclic olefins, the reaction was not effective for acyclic olefins. As
summarized in Table 5, 1-octene under optimal conditions with
tert-butyl-p-methoxyperbenzoate gave an inseparable mixture of
4a and 4b with poor enantioselectivity (31% ee).


Table 4 Enantioselective allylic oxidation of a cis and trans mixture of
cyclododecene using ligands 1a and 1ba


Yield (%) ee (%)b


Entry L* Time/h 3a 3b 3a 3b


1 1a 12 13 37 17 56
2 1b 5 14 40 06 57


a 5 mol% of the chiral ligand was used. b Enantiomeric excess was
determined by HPLC using a Chiralpak AD-H column.


Table 5 Enantioselective allylic oxidation of 1-octene using ligands 1a
and 1ba


Ratio ee (%)b


Entry L* Time/h 4a 4b Yield (%) 4a


1 1a 39 7 3 39 31
2 1b 39 6 4 35 28


a 5 mol% of the chiral ligand was used. b Enantiomeric excess was
determined by HPLC using a Chiralpak AD-H column.


The above results have been rationalized by a transition state
model shown in Fig. 2.1a,5a The initial attack of copper(II) benzoate
on the allylic radical can produce two diastereomeric allyl adducts.
In a favorable transition state assembly, copper benzoate may
attain an orientation to provide a p-stacking of the two aromatic
rings. Since the distance between both the rings is approximately
3.5 Å,5a there might be some attractive interaction which would
stabilize the drawn conformation. In this case, the allylic radical
will approach the Cu species from the less hindered side as
shown. The benzoate oxygen attacks the allylic carbon, which is
electrophilic in nature due to coordination of the incipient double
bond with the copper species leading to the (S)-enantiomer as the
major product. If the olefin approaches the Cu(II) benzoate ester in
an alternative way (unfavored), severe non-bonding interactions of
the aryl group and the olefin with substituents at the chiral centers
make it difficult. Some support for our assumption of p-stacking
of the two aromatic rings in the transition state comes from the
results of chiral ligands 1h and 1i, which lacked gem-diphenyl rings.
We observed that either by increasing the distance of phenyl ring
by one carbon or removing it from the C-5 carbon of the oxazoline
ring, p-stacking gets disturbed and hence enantioselectivity drops
down (Table 1, entries 42–47).


Fig. 2 Transition state models.


If the p–p stacking is involved in the reaction, we should have got
better results when X was nitro or halo. But, it was not the case. In
fact, we got better results when X was a methoxy group. It was also
surprising that pentafluoro groups on the phenyl ring gave very
poor results. These anomalies can be rationalized using the same
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models (Fig. 2). When X is such a group which provides better p–p
stacking, it can also move to some extent towards the left side and
show attractive interaction with the phenyl group on the left hand
side of the ligand. This attractive interaction outweighs the steric
repulsion caused by the alkyl group on the chiral carbon. Under
this arrangement, the ‘O’ of the peroxy group would attack the
other face of the olefin giving rise to the (R)-enantiomer, resulting
in lowering of the ee of the (S)-enantiomer. This is the reason
the pentafluoro substituted phenyl ring is not effective in giving
a high ee in the reaction. Electron donating groups such as alkyl
and methoxy behave like a simple phenyl group that provides
optimum stacking which is not strong enough to outweigh steric
repulsion with the alkyl group at the chiral center. This is the
reason it orients only in the right hand side giving products in
high ee’s. The model also fits well for the effect of substituents on
chiral centers. When R is i-Pr (1a), s-Bu (1b), and t-Bu (1g), we get
high enantioselectivity. However, substituents such as i-Bu (1c), Bn
(1d), and Me (1e), gave poor results because the steric repulsion
shown in Fig. 2 is not enough to outweigh the p-stacking. It is very
surprising that the ligands having R as a phenyl group gave very
poor enantioselectivity (<20% ee). This could be because of the
planarity of the ring, it orients in a manner to provide less steric
repulsion in the transition state.


Conclusions


We have investigated enantioselective allylic oxidation of a variety
of cyclic olefins with copper complexes of different pybox ligands
with various peresters. We have shown that high enantioselectivity
(98% ee for cyclohexene; 96% ee for cyclooctene and 1,3-
cyclooctadiene; 94% ee for cycloheptene and 1,5-cyclooctadiene;
80% ee for cyclopentene) can be achieved in the allylic oxidation of
cyclic olefins to allylic esters by choosing a unique combination of
a chiral ligand and a perester at room temperature. The presence
of a gem-diphenyl group at C-5 and a secondary or tertiary alkyl
substituent at the chiral center at C-4 of the oxazoline rings is
crucial for high enantioselectivity. A stereochemical outcome of
the reaction is also discussed with the help of a transition state
model.


Experimental


General methods


Chemicals were purchased and used without further purification.
1H, 13C and 19F NMR spectra were recorded on a JEOL JNM-
LA 400 spectrometer. All chemical shifts are quoted on the d
scale, with TMS as internal standard, and coupling constants are
reported in Hz. Routine monitoring of reactions was performed
by TLC, using 0.2 mm Kieselgel 60 F254 precoated aluminium
sheets, commercially available from Merck. Visualization was
done by fluorescence quenching at 254 nm, or by exposure to
iodine vapor. All the column chromatographic separations were
done by using silica gel (Acme’s, 60–120 mesh). HPLC was done
on a Daicel chiral column having 0.46 cm internal diameter ×
25 cm length. Petroleum ether used was of boiling range 60–
80 ◦C. Reactions that needed anhydrous conditions were run under
an atmosphere of nitrogen or argon using flame-dried glassware.
The organic extracts were dried over anhydrous sodium sulfate.


Evaporations of solvents were performed at reduced pressure.
Tetrahydrofuran (THF) was distilled from sodium benzophenone
ketyl under nitrogen. Dichloromethane was distilled from CaH2


and acetone was distilled from anhydrous potassium carbonate
under nitrogen.


2,6-Bis[5′,5′-diphenyl-4′-(S)-sec-butyloxazolin-2′-yl] pyridine
(1b). This was prepared as per the general procedure5c from
pyridine dicarboxylic acid and (S)-isoleucine to afford the product
1b as a white amorphous solid; yield 70%; mp 77–79 ◦C; Rf 0.52
(1 : 2, EtOAc in petroleum ether); [a]25


D −337.3 (c 1.2, CHCl3);
mmax/cm−1 (solid) 3060, 3028, 2961, 1656, 1454, 1372, 1129, 956
and 755; dH (400 MHz; CDCl3; Me4Si) 0.48 (6H, t, J = 7.3 Hz, 2 ×
CH2CH3), 1.07 (6H, d, J = 6.6 Hz, 2 × CHCH3), 1.23–1.30 (4H,
m, 2 × CH3CH2CH), 1.56–1.64 (2H, m, 2 × CH3CHCH2), 4.94
(2H, d, J = 4.4 Hz, 2 × NCHCH), 7.21–7.38 (16H, m, Ar), 7.60
(4H, d, J = 7.6 Hz, Ar), 7.96 (1H, t, J = 7.8 Hz, Ar), 8.21 (2H,
d, J = 7.8 Hz, Ar); dC (100 MHz; CDCl3; Me4Si) 11.4, 18.0, 23.9,
36.7, 80.4, 93.6, 125.4, 126.2, 126.9, 127.2, 127.6, 127.8, 128.3,
137.5, 140.3, 145.1, 146.9, 160.2. Anal. calcd for C43H43N3O2: C,
81.48; H, 6.84; N, 6.63. Found: C, 81.23; H, 7.02; N, 6.70%.


2,6-Bis[5′,5′-diphenyl-4′-(S)-isobutyloxazolin-2′-yl] pyridine (1c).
This was prepared as per our general procedure5c from pyridine
dicarboxylic acid and (S)-leucine to afford the product 1c as a
white amorphous solid; yield 72%; mp 80–82 ◦C; Rf 0.61 (1 : 2,
EtOAc in petroleum ether); [a]25


D −372.7 (c 1.0, CHCl3); mmax/cm−1


(solid) 3060, 3030, 2955, 1658, 1455, 1373, 1131, 966 and 751; dH


(400 MHz; CDCl3; Me4Si) 0.86 (6H, d, J = 5.6 Hz, 2 × CHCH3),
1.01 (6H, d, J = 5.6 Hz, 2 × CHCH3), 1.04–1.16 (4H, m, 2 ×
CHCH2CH), 1.99–2.09 (2H, m, 2 × CH3CHCH3), 5.03 (2H, dd,
J = 11.2 and 3.4 Hz, NCHCH2), 7.18–7.34 (12H, m, Ar), 7.39
(4H, t, J = 7.6 Hz, Ar), 7.57 (4H, d, J = 8.0 Hz, Ar), 7.95 (1H,
t, J = 7.6 Hz, Ar), 8.21 (2H, dd, J = 7.8 and 1.3 Hz, Ar); dC


(100 MHz; CDCl3; Me4Si) 21.6, 23.9, 25.3, 43.1, 73.4, 93.6, 125.6,
126.4, 126.8, 127.4, 127.8, 127.9, 128.4, 137.6, 140.6, 144.2, 147.3,
160.5. Anal. calcd for C43H43N3O2: C, 81.48; H, 6.84; N, 6.63.
Found: C, 81.63; H, 6.99; N, 6.75%.


2,6-Bis[5′,5′-diphenyl-4′-(S)-tert-butyloxazolin-2′-yl] pyridine
(1g). This was prepared as per our general procedure5c from
pyridine dicarboxylic acid and (S)-tert-leucine to afford the
product 1g as a white amorphous solid; yield 80%; mp 221–
223 ◦C; Rf 0.58 (1 : 2, EtOAc in petroleum ether); [a]25


D −347.2
(c 1.0, CHCl3); mmax/cm−1 (solid) 3057, 3027, 2944, 1656, 1566,
1446, 1226, 1158, 964 and 748; dH (400 MHz; CDCl3; Me4Si) 0.90
(18H, s, 6 × CCH3), 4.90 (2H, s, NCHC), 7.25 (9H, m, Ar), 7.36
(3H, t, J = 7.3 Hz, Ar), 7.40–7.43 (4H, m, Ar), 7.69 (4H, d, J =
7.3 Hz, Ar), 7.95 (1H, t, J = 7.8 Hz, Ar), 8.23 (2H, d, J = 7.8 Hz,
Ar); dC (100 MHz; CDCl3; Me4Si) 28.0, 35.5, 83.1, 93.9, 125.5,
126.5, 127.2, 127.5, 127.8, 128.2, 128.7, 137.5, 140.0, 146.1, 147.0,
160.2; Anal. calcd for C43H43N3O2: C, 81.48; H, 6.84; N, 6.63.
Found: C, 81.55; H, 6.96; N, 6.55%.


2,6-Bis[5′,5′-dibenzyl-4′-(S)-isopropyloxazolin-2′-yl] pyridine
(1h). This was prepared as per our general procedure5c from
pyridine dicarboxylic acid and (S)-valine to afford the product
1h as a white amorphous solid; yield 85%; mp 80–82 ◦C; Rf 0.45
(1 : 2, EtOAc in petroleum ether); [a]25


D +227.9 (c 1.0, CHCl3);
mmax/cm−1 (solid) 3060, 3026, 2922, 1664, 1571, 1490, 1443, 1168,
1138, 979 and 759; dH (400 MHz; CDCl3; Me4Si) 1.19 (6H, d, J =
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6.6 Hz, 2 × CHCH3), 1.26 (6H, d, J = 6.6 Hz, 2 × CHCH3), 2.13
(2H, m, 2 × CH3CHCH3), 2.77 (2H, d, J = 14.6 Hz, CH2Ph),
2.88 (2H, d, J = 14.1 Hz, CH2Ph), 3.32 (4H, m, 2 × CH2Ph), 3.66
(2H, d, J = 10 Hz, NCHCH), 7.10–7.20 (8H, m, Ar), 7.22–7.35
(12H, m, Ar), 7.92–8.02 (3H, m, Ar); dC (100 MHz; CDCl3;
Me4Si) 21.2, 21.8, 28.2, 39.7, 42.2, 76.3, 90.7, 124.9, 126.5, 128.0,
128.2, 131.0, 131.1, 136.2, 136.6, 137.5, 147.2, 159.6; Anal. calcd
for C45H47N3O2: C, 81.66; H, 7.16; N, 6.35. Found: C, 81.79; H,
7.05; N, 6.41%.


General procedure for the synthesis of peresters


Caution! Peroxy compounds present a serious detonation hazard.
While peresters are not nearly as reactive as peracids, use of a
teflon coated spatula for solid material is recommended.


Ethyl chloroformate (0.4 mL, 5 mmol) was added dropwise
to a solution of an acid (5 mmol) and triethylamine (0.7 mL,
5 mmol) in CH2Cl2 (15 mL) at 0 ◦C under N2 atmosphere. After
stirring the reaction mixture for 30 min, triethylamine (0.7 mL,
5 mmol) was again added. Then, tert-butyl hydroperoxide (5–6 M
in nonane, 1.1 mL, 6 mmol) was added dropwise to the solution
while maintaining the same temperature. The reaction was warmed
to room temperature and then stirred for 12 h. It was diluted
with some CH2Cl2 and washed with aqueous NaHCO3, water,
and brine. The organic layer was dried (Na2SO4) and the solvent
was evaporated on a rotary evaporator to get a crude yellow liquid,
which was purified over silica gel by column chromatography (65–
85% yield).


tert-Butyl 2,6-difluoroperbenzoate. This compound was pre-
pared following the general procedure described above using 2,6-
difluorobenzoyl chloride; yield 80%; mmax/cm−1 (film) 3105, 3071,
2984, 1775, 1469, 1242, 1080, 1010, 795; dH (400 MHz; CDCl3;
Me4Si) 1.40 (9H, s, 3 × CCH3), 7.00 (2H, t, J = 8.6 Hz, Ar),
7.46–7.50 (1H, m, Ar); dC (100 MHz; CDCl3; Me4Si) 25.8, 84.4,
111.8, 112.0, 133.6, 159.0, 161.6.


tert-Butyl pentafluoroperbenzoate. This compound was pre-
pared following the general procedure described above using
2,3,4,5,6-pentafluorobenzoyl chloride; yield 82%; mmax/cm−1 (film)
2987, 1778, 1502, 1323, 1178, 1000, 774; dH (400 MHz; CDCl3;
Me4Si) 1.40 (9H, s, 3 × CCH3); dC (100 MHz; CDCl3; Me4Si) 25.8,
85.1, 156.5; dF (376 MHz; CDCl3; Me4Si) −156.82 to −156.93 (2F,
m), −166.95 to −167.1 (1F, m), −179.79 to −179.45 (2F, m).


General procedure for enantioselective allylic oxidation of olefins
with peresters in the presence of PhNHNH2 using a complex of
chiral ligands and Cu(OTf)2


A solution of a chiral ligand (0.06 mmol) and Cu(OTf)2 (18.1 mg,
0.05 mmol) in acetone (4 mL) was stirred at room temperature
for 1 h. To this colored (green for 1a, 1b, 1d, 1f, 1g and 1h;
blue for 1c, 1e and 1i) solution was added phenylhydrazine (6 lL,


0.06 mmol), and the mixture was stirred for 30 min. During this
time, the color of the solution changed to dark brown, giving
an indication for the reduction of Cu(II) to Cu(I) species. Then,
an olefin (10 mmol) was added followed by a dropwise addition
of a perester (1 mmol) under N2 atmosphere. After few minutes,
the color of the solution changed to green. The reaction mixture
was left at room temperature until the reaction was complete
(disappearance of the perester by TLC) during which time the
color of the reaction mixture again changed to dark brown. After
the reaction was over, the solvent was removed in vacuo and the
crude product was purified by column chromatography using silica
gel.
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Indole 25, an advanced intermediate in a projected enantioselective total synthesis of lyngbyatoxin A 1,
was prepared from allylic alcohol 11 in 9 steps and >95% ee, key transformations being the
enantiospecific rearrangement of vinyl epoxide 14 and the Hemetsberger–Knittel reaction of azide 24.


Introduction


The Hawaiian blue–green alga Lyngbya majuscula Gomont is
implicated in the occasional outbreaks of a severe contact
dermatitis commonly known as “swimmers’ itch”.1 One of the
causative agents for this condition is lyngbyatoxin A 1 (Fig. 1), an
alkaloid first isolated in 1979 by Moore and co-workers from the
lipid extract of seaweed.2


Fig. 1 Structure of lyngbyatoxin A.


Lyngbyatoxin A is also a potent tumor promoter3 and, like
other indolactam alkaloids, exerts its biological activity through
activation of protein kinase C (PKC), a family of phosphory-
lating enzymes involved in the regulation of important cellular
processes.4 Investigation of the structural requirements for the
selective activation/inhibition of each PKC isotype is currently
an important goal in pharmaceutical research.5 This interesting
biological profile combined with a challenging molecular structure
makes lyngbyatoxin A and its analogues worthy targets for the
synthetic community.5,6


A critical step in any enantioselective approach towards lyng-
byatoxin A concerns the installation of the quaternary carbon at
C-14.7,8 We have previously addressed this issue by means of the
Jung rearrangement9 of chiral vinyl epoxides carrying an indole
moiety, but this approach was plagued by substantial loss of
enantiomeric purity during the rearrangement step.10 Herein we
report a successful (>95% ee) “second generation” approach to
this problem, involving epoxide rearrangement prior to formation
of the indole unit.


According to the simplified retrosynthetic analysis shown in
Scheme 1, the target molecule was envisioned to arise from indole
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2 via functional group manipulation. Key intermediate 2 would
be obtained from aldehyde 3 by means of a Hemetsberger–Knittel
reaction,11 while the quaternary carbon stereocentre was planned
to be accessed via the enantiospecific Jung rearrangement9 of chiral
vinyl epoxide 4, itself available from allylic alcohol 5 by means
of the Sharpless asymmetric epoxidation reaction;12 a suitably
functionalised acetophenone 6 was to be the starting point for
the synthesis.


Scheme 1 Simplified retrosynthetic analysis for lyngbyatoxin A.


Results and discussion


After considerable experimentation to determine which functional
groups on the aromatic ring would be compatible with the above
strategy, the combination X = Br, Y = I (Scheme 1) was chosen.


Since the quaternary centre was planned to be installed by a
“chirality transfer” process, the enantiomeric purity of the starting
vinyl epoxide is critical, and this was the first issue to be addressed
(Scheme 2).


Following a literature procedure,13 p-aminoacetophenone 7
was treated with ICl to afford the corresponding iodinated
aniline 8 in good yield. Amine–halogen exchange was then
accomplished under Sandmeyer conditions14 (NaNO2 followed
by CuBr, in conc. HBr) to deliver ketone 9 in 86% yield. A
Horner–Wadsworth–Emmons reaction15 with the sodium salt of
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Scheme 2 Reagents and conditions: (a) ICl, CaCO3 aq., MeOH, rt, 86%;
(b) NaNO2 aq., HBr conc., −10 ◦C to 0 ◦C, then CuBr, HBr conc., 80 ◦C,
86%; (c) NaH, (EtO)2P(O)CH2CO2Et, THF, 0 ◦C to rt, 64%; (d) DIBAL,
Et2O, 0 ◦C to rt, 96%; (e) L-(+)-DET, 4 Å MS, Ti(OiPr)4, tBuOOH, CH2Cl2,
−20 ◦C; quant. (crude), 92–94% ee.


triethylphosphonoacetate delivered a mixture of the correspond-
ing E : Z a,b-unsaturated esters in an unoptimised 3.7 : 1 ratio.
These isomers could be separated easily by flash chromatography,
allowing the isolation of pure E-unsaturated ester 10 in 64%
yield. Reduction of the ester functionality with DIBAL proceeded
uneventfully, providing allylic alcohol 11 in excellent yield. We
were then pleased to find that the key asymmetric epoxidation
step12 delivered 12 as a highly crystalline product in essentially
quantitative yield and with 92–94% ee, as determined by chiral
HPLC. A single recrystallisation from hot hexane–Et2O 2 : 1 (v :
v) yielded material which was enantiomerically pure within the
limits of detection.


Having secured our first chiral intermediate, we proceeded to
investigate the installation of the all-carbon quaternary centre of
the target (Scheme 3).8


Scheme 3 Reagents and conditions: (a) (COCl)2, DMSO then Et3N,
CH2Cl2, −78 ◦C; (b) Ph3PCH3Br, KHMDS, THF, 0 ◦C; (c) BF3·Et2O,
CH2Cl2, −78 ◦C, 52% (based on 12); (d) NaBH4, MeOH, 0 ◦C to rt, 81%.


Conversion of allylic epoxide 12 to vinyl epoxide 14 was
accomplished using the conditions previously reported9,10 for this
type of substrate. Swern oxidation16 of 12 delivered epoxy aldehyde
13, which upon Wittig reaction17 with KHMDS as base gave 14.
Due to the lability of compounds 13 and 14, these were either used
directly or submitted to rapid filtration through a short column
of silica gel. Subjection of vinyl epoxide 14 to the conditions
developed by Jung for the rearrangement reaction9 (BF3·Et2O,
CH2Cl2, −78 ◦C) delivered aldehyde 15 as the sole product in 52%
yield based on 12. Aldehyde 15 was not suitable for prolonged
storage, even at low temperature, so it was routinely subjected to
NaBH4 reduction to the corresponding primary alcohol 16. To
determine if the rearrangement had proceeded with complete 1,2-
chirality transfer, alcohol 16 was derivatized with the Alexakis
reagent 17a18 to the phosphorous adduct 17b. Whereas the 31P-
NMR spectrum of racemic 17b, prepared by MCPBA epoxidation
of 11 followed by an identical sequence of steps, showed two peaks
of equal intensity at 139.0 and 138.8 ppm, only the higher-field
peak was present for 17b produced via the Sharpless epoxidation.


This result implies that the desired vinyl migration in conformer
19, where the migrating group is correctly aligned with the adjacent
vacant p orbital, proceeds significantly faster than conformer
equilibration. The latter process would result in the population
of conformer 21, thus leading to vinyl migration onto the
enantiotopic face of the planar carbocation and in the undesired
formation of ent-15 (Scheme 4).


Scheme 4 Intermediate 18 is formed from 14 and BF3·Et2O, giving 15 via
conformer 19.


With the quaternary centre installed in an enantioselective
manner, we then attended to the construction of the indole nucleus
(Scheme 5).19


Treatment of the (crude) primary alcohol 16 with TBSCl and
imidazole20 delivered silyl ether 22 in 80% yield based on 15.
Our annelation strategy calls for a benzaldehyde derivative, and
we planned to introduce the required formyl group via a regio-
and chemo-selective halogen–lithium exchange.21 Somewhat un-
expectedly, this step proved to be very problematic. When the
standard conditions for this transformation were used (BuLi,
DMF, THF–Et2O or THF, −100 ◦C or −78 ◦C, respectively),
only a complex mixture, containing at best trace amounts of the
expected aldehyde 22, was obtained. After extensive model studies
with o-bromoiodobenzene, we eventually found that when the
reaction was carried out in toluene at approximately −100 ◦C the
competing benzyne formation was comparatively slow, and thus
the initially formed lithiated species could be successfully trapped
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Scheme 5 (a) TBSCl, imid., DMF, rt, 80% (based on 15); (b) BuLi then
DMF, PhMe, approx. −100 ◦C, 65–71%; (c) N3CH2CO2Et, NaOEt, EtOH,
−15 ◦C to −10 ◦C, 60%; (d) xylene, 140 ◦C, 69%.


with DMF.22 Using these conditions, aldehyde 23 was finally
obtained reproducibly in 65–71% yield. Subsequent NaOEt-
promoted condensation with excess ethyl azidoacetate at low
temperature afforded azide 24 in 60% yield, thus setting the
stage for the planned Hemetsberger–Knittel reaction.11 This was
accomplished by heating 24 in xylene, which smoothly furnished
indole 25 in 69% yield.


Indole 25 is conveniently functionalised so as to allow its
conversion into lyngbyatoxin A: the C-3 indolic position is
intrinsically nucleophilic,23 whereas the bromine at C-4 provides
a suitable handle for insertion of the amino functionality;24


furthermore, the TBDMS-protected alcohol moiety will allow the
construction of the linalyl appendage (Fig. 2).


Fig. 2 Planned manipulations to convert indole 25 into lyngbyatoxin A.


Conclusion


The synthesis of enantiomerically pure indole 25, a late key
intermediate in the enantioselective total synthesis of lyngbyatoxin
A, was accomplished in 9 steps from the readily available allylic
alcohol 11. The salient features of this route are (i) Sharpless
asymmetric epoxidation for initial introduction of chirality, (ii)
completely enantiospecific Jung rearrangement of chiral epoxide
14 to install the all-carbon quaternary centre of the target
molecule, (iii) formylation of 22 via chemo- and regio-selective
halogen–lithium exchange, and (iv) clean formation of the indole
nucleus through the Hemetsberger–Knittel reaction. To the best
of our knowledge, this is the first example of stereocontrolled


generation of the characteristic all-carbon quaternary centre of
lyngbyatoxin A, thus solving a long-standing problem in the
synthesis of this biologically significant alkaloid.


Experimental


General


All moisture- and air-sensitive reactions were carried out under an
argon atmosphere using oven-dried or flame-dried glassware. Re-
action solvents were distilled prior to use by standard procedures.
Et2O, THF and toluene were distilled under nitrogen from sodium
benzophenone. CH2Cl2 and NEt3 were distilled under nitrogen
from CaH2. Anhydrous DMSO and DMF were purchased from
Aldrich and stored over 4 Å molecular sieves, under argon.
1H-NMR (300 MHz and 500 MHz) and 13C-NMR (75 MHz)
spectra were recorded on either a Varian Mercury 300 (300 MHz)
or a Varian Inova 500 (500 MHz) spectrometers at ambient
temperature. 31P-NMR (202 MHz) spectra were recorded on a
Varian Inova 500 (500 MHz) spectrometer at ambient temperature.
Chemical shifts (d) are reported in ppm. Undeuterated solvent
residues were used as internal standard (CHCl3, 1H: 7.27 ppm and
13C: 77.0 ppm). H3PO4 (30% aq., 0.0 ppm) was used as external
standard for 31P-NMR. Coupling constants (J) are given in Hertz
(Hz). Optical rotations were measured with a Perkin Elmer 241
polarimeter at ambient temperature, and the concentration (c)
is given in g per 100 mL. Analytical high performance liquid
chromatography (HPLC) was performed using a Varian 9012
solvent delivery system with a Varian 9065 polychrome diode
array detector. HPLC grade solvents were obtained from LAB-
SCAN. Electron impact (EI) low resolution mass spectra (LRMS)
were performed with a VG Trio-2 single quadrupole instrument at
the Department of Chemistry, Technical University of Denmark.
Melting points of crystalline materials were determined on a
Heidolph capillary melting point apparatus and are uncorrected.
Analytical thin layer chromatography (TLC) analyses were per-
formed using 0.25 mm Merck Kieselgel aluminium-backed 60
F254 silica gel plates. Visualization was achieved by i) exposure
to UV light, ii) brief exposure to iodine vapors, iii) dipping into
a solution of 5–10% of phosphomolybdic acid in EtOH, and iv)
gentle heating. Merck silica gel 60 (40–63 lm, 230–400 mesh)
was used for flash chromatography purification. Preparative thin
layer chromatography (PTLC) was performed on 20 × 20 cm,
1500 lm glass-backed plates with fluorescent indicator (Aldrich).
Microanalyses were performed at the Microanalysis Laboratory,
Institute of Physical Chemistry, University of Vienna, Austria.
Molecular sieves were dried at 150–160 ◦C for at least 12 h and then
allowed to reach room temperature under argon. Unless otherwise
stated, commercially available reagents, purchased from Aldrich,
Fluka or Merck, were used without further purification. “Aqueous
1
2


saturated brine” and “aqueous 1
3


saturated NaHCO3” refer to
a water–brine, 1 : 1 (v : v) and water–saturated NaHCO3, 2 : 1
(v : v) solutions, respectively. The following cooling baths were
used: ether–liquid nitrogen (ca. −110 to −85 ◦C); acetone–dry
ice (typically for −78 ◦C but also for temperatures above); ortho-
dichlorobenzene–liquid nitrogen (ca. −25 ◦C). Commercial NaH
(as a 60% dispersion in oil) was washed with pentane (2 portions
that cover the amount of NaH dispersion used), and the last traces
of pentane were removed under high vacuum.
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4-Bromo-3-iodoacetophenone (9). i) Preparation of the diazo-
nium salt. To a suspension of 4-acetyl-2-iodoaniline 813 (8.45 g,
32.3 mmol) in aqueous 47% HBr (77 mL) at −10 ◦C was added
dropwise, over 15 min, a solution of NaNO2 (2.65 g, 38.0 mmol,
1.18 eq.) in water (35 mL). The deep-tan mixture obtained was
stirred for 10 min at this temperature, after which the temperature
was allowed to increase from −5 ◦C to 0 ◦C and stirring continued
for a further 1.5 h. The obtained mixture was then kept at
ice bath temperature. ii) Sandmeyer reaction. To a vigorously
stirred (purple) mixture of CuBr (5.57 g, 38.8 mmol, 1.2 eq.) in
aqueous 47% HBr (42 mL) at 60 ◦C was added portion-wise,
over 50 min, the above diazonium suspension (caution: significant
frothing occurred during additions), after which the temperature
was increased to 80 ◦C and stirring continued for a further 25 min.
The resulting dark mixture was cooled to ice-bath temperature and
partitioned between water (400 mL) and EtOAc (400 mL). The
aqueous layer was extracted with EtOAc (2 portions of 150 mL)
and the combined organic layers were washed with aqueous 1 M
HCl (300 mL), aqueous saturated NaHCO3 (200 mL), aqueous 1


2


saturated brine (250 mL), dried (MgSO4) and concentrated under
vacuum to afford a light-tan solid residue which was purified by
flash chromatography (hexane–EtOAc, 1 : 1 (v : v)). The title
compound was obtained as a pale yellow solid (9.0 g, 86%). Rf


(hexane–EtOAc, 1 : 1 (v : v)) 0.55; mp 79–82 ◦C; 1H-NMR (CDCl3,
300 MHz) d 8.39 (d, J = 2.0 Hz, 1H), 7.76 (dd, J = 8.2, 2.0 Hz, 1H),
7.71 (d, J = 8.2 Hz, 1H), 2.57 (s, 3H); 13C-NMR (CDCl3, 75 MHz)
d 196.0, 140.3, 137.1, 135.7, 133.1, 129.1, 101.9, 26.8; LRMS (EI)
m/z = 324 [M]+; Anal. Calcd. for C8H6BrIO: C, 29.57; H, 1.86.
Found: C, 29.18; H, 2.01.


(E)-Ethyl 3-(4-bromo-3-iodophenyl)but-2-enoate (10). To an
ice-cold suspension of NaH (766 mg, 31.9 mmol, 1.3 eq.) in
THF (45 mL) was added dropwise , over 15 min, a solution of
triethylphosphonoacetate (7.16 g, 31.9 mmol, 1.3 eq.) in THF
(5 mL) during which gas evolution was observed. The resulting
pale yellow solution was stirred at ice bath temperature for 15 min
and at room temperature for a further 15 min, after which a
solution of 4-bromo-3-iodoacetophenone 9 (7.98 g, 24.6 mmol,
1.0 eq.) in THF (35 mL) was added dropwise at room temperature
over 10 min. The dark-tan mixture obtained was stirred at
room temperature overnight (for convenience), after which it was
partitioned between Et2O (450 mL) and aqueous 1


2
saturated brine


(500 mL). The aqueous layer was extracted with Et2O (2 portions
of 100 mL) and the combined organic phases were washed with
brine (200 mL), dried (MgSO4) and the solvent removed under
vacuum to afford a dark tan oil. Purification by (repeated) flash
chromatography (hexane–Et2O, 3 : 1 (v : v)) delivered pure (E)-
(6.2 g, 64% as a white solid) and (Z)-(1.7 g, 17% as a yellow
oil) isomers. Combined yield: 81%. For (E)-ethyl 3-(4-bromo-3-
iodophenyl)but-2-enoate 10: Rf (hexane–Et2O, 3 : 1 (v : v)) 0.51;
mp 39–42 ◦C; 1H-NMR (CDCl3, 300 MHz) d 7.93 (d, J = 2.2 Hz,
1H), 7.59 (d, J = 8.3 Hz, 1H), 7.28 (dd, J = 2.2, 8.3 Hz, 1H), 6.08
(q, J = 1.3 Hz, 1H), 4.21 (q, J = 7.1 Hz, 2H), 2.50 (d, J = 1.3 Hz,
3H), 1.31 (t, J = 7.1 Hz, 2H); 13C-NMR (CDCl3, 75 MHz) d 166.5,
152.8, 142.8, 138.2, 132.8, 130.5, 127.5, 118.6, 101.7, 60.4, 18.0,
14.6; LRMS (EI) m/z = 394 [M]+; Anal. Calcd. for C12H12BrIO2:
C, 36.49; H, 3.06. Found: C, 36.63; H, 3.15.


(E)-3-(4-Bromo-3-iodophenyl)but-2-en-1-ol (11). To an ice-
cold solution of (E)-ethyl 3-(4-bromo-3-iodophenyl)but-2-enoate


10 (5.83 g, 14.8 mmol, 1.0 eq.) in Et2O (45 mL) was added
dropwise, over 20 min, a solution of DIBAL in toluene (1.0 M,
34.5 mL, 2.3 eq.). The solution obtained was allowed to reach
room temperature and stirred for a further 2.5 h, after which it
was re-cooled to ice bath temperature, diluted with Et2O (60 mL)
and quenched by careful addition of brine (50 mL). After vigorous
stirring for 5 min a gel-type biphasic system formed, to which was
then carefully added aqueous 4 M HCl (80 mL), and the mixture
was stirred at 0 ◦C for 10 min and then at room temperature
until a clear biphasic system was obtained (typically 20 min). The
aqueous layer was extracted with Et2O (2 portions of 40 mL), the
combined organic layers were washed with brine (40 mL), dried
(MgSO4) and the solvent removed under vacuum to afford a very
pale yellow oil. Purification by flash chromatography (hexane–
EtOAc, 1 : 1 (v : v)) afforded the title compound as a white solid
(5.0 g, 96%). Rf (hexane–EtOAc, 1 : 1 (v : v)) 0.30; mp 62–64 ◦C;
1H-NMR (CDCl3, 300 MHz) d 7.81 (d, J = 2.2 Hz, 1H), 7.47 (d,
J = 8.4 Hz, 1H), 7.15 (dd, J = 2.2, 8.4 Hz, 1H), 5.88 (tq, J =
1.4, 6.6 Hz, 1H), 4.26–4.30 (m, 2H), 1.94–1.95 (m, 3H); 13C-NMR
(CDCl3, 75 MHz) d 143.6, 137.8, 135.5, 132.5, 128.4, 128.3, 127.1,
101.5, 60.1, 16.1; LRMS (EI) m/z = 352 [M]+; Anal. Calcd. for
C10H10BrIO: C, 34.03; H, 2.86. Found: C, 33.98; H, 2.72.


((2S,3S)-3-(4-Bromo-3-iodophenyl)-3-methyloxiran-2-yl)metha-
nol (12). To a suspension of powdered 4 Å molecular sieves
(472 mg) in CH2Cl2 (47 mL) at −25 ◦C was added dropwise
a solution of L-(+)-diethyl tartrate (124 mg, 0.60 mmol, 7.5
mol%) in CH2Cl2 (1.5 mL), followed by Ti(OiPr)4 (117 lL,
0.4 mmol, 5 mol%) and finally a freshly prepared solution of
tBuOOH in toluene25 (4.2 ml, 15.9 mmol, 2.0 eq.) with 5 min
intervals between additions. After 1.5 h at −25 ◦C, a solution of
(E)-3-(4-bromo-3-iodophenyl)but-2-en-1-ol 11 (2.8 g, 7.93 mmol,
1.0 eq.) in CH2Cl2 (7 mL) was added dropwise over 20 min and
stirring continued for a further 4 h at this temperature. The
reaction was quenched at −25 ◦C by addition of aqueous 10%
NaOH in brine (0.73 mL) followed by Et2O (4.5 mL). After
stirring at −25 ◦C for 5 min, this suspension was allowed to reach
5 ◦C over 10 min, and then mgSO4 (633 mg) and Celite (84 mg)
were simultaneously added. After stirring at room temperature for
10 min, the suspension was filtered through a short pad of Celite,
and the filtrate was concentrated under vacuum to afford a turbid
pale yellow oil which was then taken up in toluene (2 portions
of 150 mL) and concentrated under vacuum. The crude product
was obtained as a white solid (2.91 g, quantitative, 92–94% ee),
which typically was used without further purification. If desired,
it can be re-crystallized from hot hexane–Et2O, 2 : 1 (v : v)
(approximately 300 mL) affording the title compound as white
needles (2.6 g, 91%, >99% ee). Rf (hexane–EtOAc, 1 : 1 (v : v);
double elution) 0.50; mp 59–61 ◦C; 1H-NMR (CDCl3, 300 MHz)
d 7.75 (d, J = 2.1 Hz, 1H), 7.50 (d, J = 8.3 Hz, 1H), 7.11 (dd, J =
2.1, 8.3 Hz, 1H), 3.88 (dd, J = 4.4, 12.2 Hz, 1H), 3.75 (dd, J =
6.3, 12.2 Hz, 1H), 2.96 (dd, J = 4.4, 6.3, 1H), 1.93 (bs, 1H), 1.59
(s, 3H); 13C-NMR (CDCl3, 75 MHz) d 143.1, 137.2, 132.7, 129.0,
126.7, 101.5, 66.1, 61.3, 59.9, 17.7; LRMS (EI) m/z = 368 [M]+;
[a]25


D −9.2 (c 2.2, CHCl3); Anal. Calcd. for C10H10BrIO2: C, 32.55;
H, 2.73. Found: C, 32.61; H, 2.67. HPLC retention times (Rt):
For the (2S,3S) enantiomer: Rt (OD-H column; hexane–iPrOH,
97 : 3 (v : v); 0.6 mL min−1) = 57.7 min.


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 4292–4298 | 4295







rac-3-(4-Bromo-3-iodophenyl)-3-methyloxiran-2-yl)methanol
(12). To an ice-cold suspension of commercial MCPBA (722 mg,
approximately 3.68 mmol of MCPBA, approximately 1.3 eq.)
in CH2Cl2 (6 mL) was added dropwise a solution of (E)-3-(4-
bromo-3-iodophenyl)but-2-en-1-ol 11 (1.0 g, 2.83 mmol, 1.0 eq.)
in CH2Cl2 (6 mL). The suspension obtained was stirred at ice
bath temperature for 15 min and then allowed to reach room
temperature, stirred for a further 3.5 h, after which it was re-
cooled to −5 ◦C and filtered through a short pad of Celite. To
the pale yellow filtrate obtained was added Ca(OH)2 (80 mg)
and this suspension was stirred for 5 min at −5 ◦C, after
which a small portion of Na2SO4 was added and stirring was
continued for a further 5 min at this temperature. After filtration
through a short pad of Celite, the solvent was removed under
vacuum to afford a viscous yellow oil which, upon standing
under high vacuum, crystallized. Purification by short-column
chromatography filtration (silica gel; fast elution; hexane–EtOAc,
1 : 1 (v : v) with 2% NEt3) afforded the title compound as a white
solid (950 mg, 91%). HPLC retention times (Rt): For the (2R,3R)
enantiomer: Rt (OD-H column; hexane–iPrOH, 97 : 3 (v : v);
0.6 mL min−1) = 51.7 min. For the (2S,3S) enantiomer: Rt (OD-H
column; hexane–iPrOH, 97 : 3 (v : v); 0.6 mL min−1) = 57.7 min.


(2R,3S)-3-(4-Bromo-3-iodophenyl)-3-methyloxirane-2-carbalde-
hyde (13). A solution of oxalyl chloride (1.78 mL, 20.28 mmol,
2.0 eq.) in CH2Cl2 (90 mL) was cooled to −78 ◦C and treated
with a solution of DMSO (2.9 mL, 40.8 mmol, 4.0 eq.) in
CH2Cl2 (7 mL) over 15 min, during which period gas evolution
was observed. After stirring at this temperature for 15 min, a
solution of ((2S,3S)-3-(4-bromo-3-iodophenyl)-3-methyloxiran-
2-yl)methanol 12 (3.76 g, 10.19 mmol, 1.0 eq.) in CH2Cl2


(25 mL) was added dropwise over a period of 0.5 h, after which
a turbid-white mixture was obtained. This mixture was stirred
at −78 ◦C for 0.5 h, after which pre-cooled Et3N (11.26 mL,
81.52 mmol, 8.0 eq.) was added dropwise over 10 min, and the
resulting mixture was then allowed to warm to −30 ◦C over 1 h.
The yellow mixture obtained was poured at this temperature onto
hexane (140 mL) and CH2Cl2 (200 mL) and gently shaken with
pH 7 phosphate buffer (80 mL). The layers were separated and
the aqueous layer extracted with CH2Cl2 (2 portions of 30 mL).
The combined organic layers were washed with aqueous 1 M
KHSO4 (2 portions of 150 mL), aqueous 1


3
saturated NaHCO3


(2 portions of 30 mL), brine (150 mL) and dried (Na2SO4).
Removal of the solvent under vacuum afforded a thick yellow oil
which was crudely purified via a short-column chromatography
filtration (silica gel; fast elution; hexane–EtOAc, 1 : 1 (v : v)
with 2% NEt3) to afford a thick pale yellow oil that eventually
crystallized upon standing in the cold (3.40 g) and was used
without further purification. Rf (hexane–EtOAc, 1 : 1 (v : v))
0.57; 1H-NMR (CDCl3, 300 MHz) d 9.64, (d, J = 4.0 Hz, 1H),
7.96 (d, J = 2.2 Hz, 1H), 7.73 (d, J = 8.3 Hz, 1H), 7.40 (dd, J =
2.2, 8.3 Hz, 1H), 3.48 (d, J = 4.0, 1H), 1.82 (s, 3H); 13C-NMR
(CDCl3, 75 MHz) d 205.6, 142.2, 137.5, 132.9, 129.2, 127.3, 101.1,
66.2, 62.0, 16.9; LRMS (EI) m/z = 366 [M]+.


(2R,3S)-3-(4-bromo-3-iodophenyl)-2-methyl-3-vinyloxirane (14).
To an ice-cold slurry of methyltriphenylphosphonium bromide
(4.97 g, 13.90 mmol, 1.5 eq.) in THF (100 mL) was added a solution
of KHMDS in toluene (0.5 M, 24.1 mL, 1.3 eq.) over 15 min.
The bright-yellow suspension obtained was allowed to reach room


temperature and stirred for a further 1.5 h, after which it was re-
cooled to 0 ◦C and a solution of (crudely purified) (2R,3S)-3-(4-
bromo-3-iodophenyl)-3-methyloxirane-2-carbaldehyde 13 (3.33 g,
9.1 mmol, 1.0 eq.) in THF (17 mL) was then added dropwise over a
10 min period. The tan suspension obtained was allowed to reach
room temperature and stirred for a further 1.5 h, after which it
was re-cooled to ice bath temperature and filtered through a short
Celite pad to afford a deep-red solution. Removal of the solvent
under vacuum afforded a tan oil, which was crudely purified by
short-column chromatography filtration (silica gel; fast elution;
Et2O) to afford a tan oil that was used without further purification
(2.97 g). Rf (hexane–Et2O, 3 : 1 (v : v)) 0.60; 1H-NMR (CDCl3,
300 MHz) d 7.84 (d, J = 2.2 Hz, 1H), 7.57 (d, J = 8.3 Hz, 1H),
7.19 (dd, J = 2.2, 8.3 Hz, 1H), 5.82 (sept, J = 7.0, 10.5, 17.3 Hz,
1H), 5.51 (ddd, J = 0.9, 1.4, 17.3 Hz, 1H), 5.44 (ddd, J = 0.8, 1.4,
10.5 Hz, 1H), 3.24 (d, J = 7.0 Hz, 1H), 1.62 (s, 3H); 13C-NMR
(CDCl3, 75 MHz) d 143.4, 137.2, 133.8, 132.7, 132.5, 126.7, 121.7,
121.7, 101.5, 67.0, 61.3, 17.5; LRMS (EI) m/z =364 [M]+.


(R)-2-(4-bromo-3-iodophenyl)-2-methylbut-3-enal (15). To a
−78 ◦C cooled solution of (crudely purified) (2R,3S)-3(4-bromo-
3-iodophenyl)-2-methyl-3-vinyloxirane 14 (2.81 g, 7.70 mmol,
1.0 eq.) in CH2Cl2 (110 mL) was added BF3·Et2O (1.1 mL,
8.68 mmol, 1.12 eq.) and the resulting deep-pinkish solution was
stirred at this temperature for 10 min, after which it was poured
onto Et2O (300 mL) and aqueous 1


3
saturated NaHCO3 (200 mL).


The layers were separated and the aqueous phase was extracted
with Et2O (2 portions of 60 mL). The combined Et2O extracts were
washed with brine (100 mL), dried (Na2SO4) and concentrated to
a golden oil, which was then purified by flash chromatography
(hexane–Et2O, 3 : 1 (v : v)) to afford the title compound as a
pale yellow oil (1.9 g, 52% based on allylic alcohol 12) that was
either best kept frozen in a benzene matrix under argon or used
immediately. Rf (hexane–Et2O, 3 : 1 (v : v)) 0.47; 1H-NMR (CDCl3,
300 MHz) d 9.52, (s, 1H), 7.71 (d, J = 2.2 Hz, 1H), 7.60 (d, J =
8.3 Hz, 1H), 7.07 (ddd, J = 0.4, 2.2, 8.3, Hz, 1H), 6.12 (ddd, J =
0.40, 10.7, 17.6 Hz, 1H), 5.46 (d, J = 10.7, 1H), 5.20 (d, J =
17.6, 1H), 1.51 (s, 3H); 13C-NMR (CDCl3, 75 MHz) d 198.5 141.1,
139.5, 137.4, 133.1, 129.2, 129.0, 118.7, 102.2, 57.4, 20.4; LRMS
(EI) m/z = 337 [M − C2H3]+; [a]25


D +27.8 (c 1.3, CHCl3).


(R)-2-(4-Bromo-3-iodophenyl)-2-methylbut-3-en-1-ol (16). A
solution of (R)-2-(4-bromo-3-iodophenyl)-2-methylbut-3-enal 15
(1.18 g, 3.23 mmol, 1.0 eq.) in MeOH (35 mL) at 0 ◦C was treated
with NaBH4 (114 mg, 3.0 mmol, 0.9 eq.). After stirring for 15 min
at ice bath temperature, the solution was allowed to warm to
room temperature and stirred for a further 2 h, at which time
it was concentrated to half of its initial volume and partitioned
between water (15 mL) and Et2O (50 mL). The aqueous layer
was extracted with Et2O (20 mL) and EtOAc (20 mL) and the
combined organic phases were washed with brine (10 mL), dried
(NaSO4) and concentrated under vacuum to afford a yellow oil
residue which typically was used without further purification.
For analytical purposes the crude product was purified by flash
chromatography on silica gel (hexane–EtOAc, 1 : 1 (v : v)) (960 mg,
81%). Rf (hexane–EtOAc, 1 : 1 (v : v)) 0.52; 1H-NMR (CDCl3,
300 MHz) d 7.81 (d, J = 2.3 Hz, 1H), 7.55 (d, J = 8.4 Hz, 1H),
7.20 (dd, J = 2.3, 8.4 Hz, 1H), 5.98 (dd, J = 10.8, 17.6 Hz, 1H),
5.30 (dd, J = 0.9, 10.8, 2H), 5.14 (dd, J = 0.9, 17.6, 1H), 3.74
(s, 2H), 1.38 (s, 3H); 13C-NMR (CDCl3, 75 MHz) d 145.9, 142.6,
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139.3, 132.6, 128.7, 127.9, 115.9, 101.7, 69.7, 46.8, 22.9; LRMS
(EI) m/z = 368 [M]+.


Determination of the ee of alcohol (16) using the Alexakis reagent.
To the Alexakis reagent18 (0.10 mL of a 0.2 M solution in benzene,
0.02 mmol, 1.1 eq.) was added a solution of (R)-2-(4-bromo-
3-iodophenyl)-2-methylbut-3-en-1-ol 16 (7.0 mg, 0.018 mmol,
1.0 eq.) in benzene (0.2 mL) and the resulting solution was
left stirring at room temperature under argon for 15 h. The
resulting solution was then transferred into an NMR tube and
approximately 100 lL of C6D6 were added for locking. For rac-17:
31P-NMR (C6D6, 202 MHz) d 139.0 and 138.8 (equal intensities).
For 17: 31P-NMR (C6D6, 202 MHz) d 138.8.


(R)-(2-(4-Bromo-3-iodophenyl)-2-methylbut-3-enyloxy)(tert-
butyl)dimethylsilane (22). To a solution of TBDMSCl (131 mg,
0.89 mmol, 1.3 eq.) and imidazole (122 mg, 1.77 mmol, 2.6 eq.) in
DMF (0.65 mL) was added a solution of (crude) (R)-2-(4-bromo-
3-iodophenyl)-2-methylbut-3-en-1-ol 16 (245 mg, 0.66 mmol,
1.0 eq.) in DMF (1.35 mL) at room temperature. After stirring
at this temperature for 7 h, the resulting solution was partitioned
between aqueous 1 M HCl (15 mL) and Et2O (25 mL). The organic
layer was washed with a second portion of aqueous 1 M HCl
(15 mL) and the combined acidic layers were extracted with Et2O
(10 mL). The combined organic layers were washed with aqueous
1
2


saturated NaHCO3 (25 mL), brine (15 mL), dried (Na2SO4)
and concentrated under vacuum to afford a pale yellow residue.
Purification by flash chromatography on silica gel (hexane–Et2O,
3 : 1 (v : v)) delivered the title compound as a clear oil (254 mg,
80% based on 15). Rf (hexane–Et2O 3 : 1 (v : v)) 0.69; 1H-NMR
(CDCl3, 300 MHz) d 7.89 (d, J = 2.2 Hz, 1H), 7.55 (d, J = 8.4 Hz,
1H), 7.23 (dd, J = 2.2, 8.4 Hz, 1H), 6.04 (dd, J = 10.9, 17.6 Hz,
1H), 5.21 (dd, J = 1.2, 10.9 Hz, 1H), 5.10 (dd, J = 1.2, 17.6 Hz,
1H), 3.70 (s, 2H), 1.37 (s, 3H), 0.88 (s, 9H), 0.01 (s, 3H), 0.00 (s,
3H); 13C-NMR (CDCl3, 75 MHz) d 152.3, 148.8, 145.1, 137.5,
134.5, 132.5, 119.7, 106.3, 75.7, 51.9, 31.4, 28.2, 23.8, 0.0; LRMS
(EI) m/z = 482 [M]+; [a]25


D −10.9 (c 2.3, CHCl3).


(R)-2-Bromo-5-(2-((tert-butyldimethylsilyloxy)methyl)but-3-en-
2-yl)benzaldehyde (23). To a −105 ◦C to −100 ◦C cooled slurry
of (R)-(2-(4-bromo-3-iodophenyl)-2-methylbut-3-enyloxy)(tert-
butyl)dimethylsilane 22 (429 mg, 0.89 mmol, 1.0 eq.) in toluene
(14.8 mL) was added a solution of nBuLi in hexanes (1.6 M,
1.02 mmol, 0.64 mL, 1.15 eq.) over approximately 8 s. After
stirring at this temperature for 2 min, DMF (193 lL, 2.49 mmol,
2.8 eq.) was added over 5 s. The resulting pale yellow solution was
stirred at −103 ◦C to −95 ◦C for 1.5 h and then allowed to reach
−40 ◦C over 0.5 h, after which the cooling bath was replaced
by a water bath and stirring was continued for a further 10 min.
The resulting pale yellow solution was then partitioned between
Et2O (80 mL) and water (15 mL) and the aqueous layer was
extracted with Et2O (2 portions of 20 mL). The combined organic
layers were washed with 1


2
brine (20 mL), dried (Na2SO4) and


concentrated under vacuum affording a pale yellow oil residue.
Purification by flash chromatography on silica gel (hexane,
hexane–Et2O, 6 : 1 (v : v)) delivered the title compound as a
colorless oil (242 mg, 71%). Rf (1st elution, hexane–Et2O, 6 : 1 (v :
v); 2nd elution, hexane) 0.71; 1H-NMR (d-acetone, 300 MHz) d
10.34 (s, 1H), 7.95 (d, J = 2.5 Hz, 1H), 7.73 (d, J = 8.4 Hz, 1H),
7.65 (dd, J = 2.5, 8.4 Hz, 1H), 6.16 (dd, J = 10.9, 17.6 Hz, 1H),


5.23 (dd, J = 1.2, 10.9 Hz, 1H), 5.17 (dd, J = 1.2, 17.6 Hz, 1H),
3.86 (d, J = 0.8 Hz, 2H), 1.45 (s, 3H), 0.84 (s, 9H), 0.02 (s, 3H),
0.00 (s, 3H); 13C-NMR (CDCl3, 75 MHz) d 191.3, 146.5, 143.6,
135.3, 133.6, 133.1, 129.0, 124.0, 113.9, 70.2, 46.8, 25.5, 22.2,
18.0, −6.2; LRMS (EI) m/z = 384 [M]+.


(R,Z)-Ethyl-2-azido-3-(2-bromo-5-(2-((tert-butyldimethylsilyl-
oxy)methyl)but-3-en-2-yl)phenyl)acrylate (24). Sodium metal
(35.9 mg, 1.56 mmol, 6.0 eq.) was dissolved in EtOH
(1.0 mL). To the resulting solution was slowly added, at
−15 ◦C and over 1 h, a solution of (R)-2-bromo-5-(2-((tert-
butyldimethylsilyloxy)methyl)but-3-en-2-yl)benzaldehyde 23
(100 mg, 0.26 mmol, 1.0 eq.) and ethyl azidoacetate (0.71 mL of a
2.39 M solution in EtOH, 1.69 mmol, 6.5 eq.). During addition
a milky pale yellowish suspension formed. The temperature was
then allowed to rise from −15 ◦C to −10 ◦C and stirring was
continued for a further 18 h. The orange suspension obtained was
then stirred at room temperature for 0.5 h, re-cooled to ice bath
temperature, quenched with aqueous saturated NH4Cl (0.7 mL)
and gently partitioned between Et2O–EtOAc (1 : 1 (v : v)) (30 mL)
and aqueous 1


2
saturated NH4Cl (10 mL). The deep-tan aqueous


layer was further extracted with Et2O–EtOAc (1 : 1 (v : v)) (3
portions of 10 mL); the combined organic layers were washed
with aqueous 1


2
saturated brine (10 mL) and dried (Na2SO4). The


obtained tan solution was then concentrated to approximately
5 mL and filtered through a short column of silica gel (Et2O).
After removal of the solvent under vacuum, a reddish oil was
obtained which was purified by PTLC (hexane–Et2O, 3 : 1 (v : v)).
The title compound was obtained as a colourless oil (78 mg, 60%).
Rf (1st elution, hexane–Et2O, 3 : 1 (v : v); 2nd elution, pentane)
0.63 (note: the Rf values for the starting material and the product
are very similar); 1H-NMR (CDCl3, 300 MHz) d 8.14 (d, J =
2.4 Hz, 1H), 7.55 (d, J = 8.5 Hz, 1H), 7.30 (d, J = 2.6 Hz, 1H),
7.23 (dd, J = 2.6, 8.5 Hz, 1H), 6.11 (dd, J = 10.9, 17.6 Hz, 1H),
5.23 (dd, J = 1.2, 10.9 Hz, 1H), 5.13 (dd, J = 1.2, 17.6 Hz, 1H),
4.43 (q, J = 7.1 Hz, 2H), 3.77 (d, J = 1.6 Hz, 2H), 1.46 (t, J =
7.1 Hz, 3H; partial overlap with s at d = 1.43 ppm), 1.43 (s, 3H;
partial overlap with s at d = 1.46 ppm), 0.88 (s, 9H), 0.02 (s, 3H),
0.00 (s, 3H); 13C-NMR (CDCl3, 75 MHz) d 169.0, 150.6, 149.3,
137.8, 137.7, 136.0, 135.4, 132.7, 129.6, 128.3, 119.5, 76.0, 68.1,
52.3, 31.4, 28.2, 23.9, 19.9, 0.0.


(R)-Ethyl-4-bromo-7-(1-tert-butyldimethylsilyoxy)-2-methylbut-
3-en-2-yl)-1H-indole-2-carboxylate (25). A solution of (R,Z)-
ethyl 2-azido-3-(2-bromo-5-(1-tert-butyldimethylsilyoxy)-2-
methylbut-3-en-2-yl)phenyl)acrylate 24 (74 mg, 0.14 mmol) in
meta-xylene (1.3 mL) was added dropwise over 1 h to refluxing
meta-xylene (3.7 mL). The obtained solution was refluxed for a
further 3.5 h, after which the solvent was removed under vacuum
to afford a tan oil. Purification by PTLC (hexane–Et2O, 5 : 1 (v :
v)) afforded the title compound as a pale yellow oil (45 mg, 69%).
Rf (hexane–Et2O, 5 : 1 (v : v)) 0.27; 1H-NMR (CDCl3, 300 MHz)
d 9.87, (brs, 1H), 7.33 (d, J = 7.9 Hz, 1H), 7.28 (d, J = 2.3 Hz,
1H), 7.18 (d, J = 7.9 Hz, 1H), 6.24 (dd, J = 10.8, 17.7 Hz, 1H),
5.40 (dd, J = 1.1, 10.8 Hz, 1H), 5.31 (dd, J = 1.1, 17.7 Hz, 1H),
4.45 (q, J = 7.1 Hz, 2H), 4.02 (d, J = 10.0 Hz, 1H), 3.87 (d, J =
10.0 Hz, 1H), 1.51 (s, 3H), 1.46 (t, J = 7.1 Hz), 0.87 (s, 9 H), 0.01
(s, 3 H), 0.00 (s, 3 H); 13C-NMR (CDCl3, 75 MHz) d 167.3, 149.3,
141.7, 134.5, 134.0, 133.0, 129.8, 129.0, 120.5, 120.4, 113.9, 76.2,
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66.8, 52.3, 31.6, 28,8, 24.1, 20.1, 0.0; LRMS (EI) m/z = 465 [M]+;
[a]25


D +22.7 (c 2.15 in CHCl3).
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Cyclohexanone and cycloheptanone can be enantioselectively
functionalized in the 3-position with up to 92% ee and
87% ee, respectively, by the base-promoted dimerization
of the corresponding enones using 3,4,5-tribenzyloxybenzyl
cinchoninium bromide, as a new effective catalyst.


The formation of ketone enolates, one of the most fundamental
and thoroughly studied reactions in organic chemistry,1 proceeds
under PTC (phase transfer catalysis) conditions on activated
compounds such as the systems related to 2-aryl-indanone,2 b-
ketoesters3 and benzophenone imines of glycine.4 Recent advances
in the field of asymmetric PTC render this strategy very attractive.5


Here we show that 2-cyclohexenone 1, which is activated
towards deprotonation by a conjugate double bond, undergoes
a regioselective Michael addition to itself as well as to other
enones6 under the PTC-conditions. If no other Michael acceptors
were present, treatment of 1 under PTC conditions (KOHaq 50%,
toluene, 12.5% of catalysts 3a–q, rt) afforded the dimerization
product 2, as a result of vinylogous enolate formation and
electrophilic attack on the 2-position of a second molecule of 2-
cyclohexenone 1 (Scheme 1)7 and the reaction is greatly accelerated
by the addition of a PTC.


Scheme 1 Vinylogous deprotonation–addition of 2-cyclohexenone.


Surprisingly, treatment of 1 with LDA (LDA, THF, −78 ◦C to
rt) does not give an appreciable amount of dimerization product 2.8
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A simple filtration of the toluene phase of the reaction mixture
through a plug of silica gel and evaporation of the solvent afforded
nearly pure dimerization product. No byproducts or regioisomers
were observed.


We focus our efforts initially on controlling the stereochemistry
of the dimer 2. The enantiomers of 2 readily separated on a GC-
FID equipped with a chiral stationary phase column; we screened
most of the known Cinchona-derived PTC catalysts, and results
are summarized in Table 1. The asymmetric PTC dimerization
of linear phenyl activated enones has been recently described by
Corey and Zhang who employed the now commercially available
catalyst 3d developed in the Corey group.9


Simple N-benzyl cinchoninium chloride gave the dimerization
product in 47% (entry 1, Table 1). The benzyl substituent on the
nitrogen was necessary, methyl cinchoninium iodide 3b gave nearly
racemic products (entry 2) and any protection of the 9-OH of
the Cinchona alkaloids led to a drop in asymmetric induction
(entry 3). Employing Corey’s catalyst 3d (entry 4) we obtained a
moderate 75% ee (er = 7 : 1), confirming the benefit of the bulky 9-
methylanthracenyl substituent on the nitrogen with respect to the
simple benzyl group of catalyst 3a. The dimerization reaction of
2-cyclohexenone 1 is quite slow already at 0 ◦C therefore it was not
possible to achieve synthetically useful levels of conversion if the
transformation was run at lower temperatures. It is well known that
the asymmetric induction increases in most cases with an electron-
withdrawing group, such as fluorine, placed on the aryl moiety of
benzyl cinchoninium salts, and we actually observed an increase in
the ee, (entries 5 and 6) but more fluorine groups did not have the
beneficial synergic effect as reported by Jew et al. in the alkylation
of the benzophenone imine of glycine (entry 7).10 Introduction
of the bulky t-butyl group in the 4-position led to a modest
decrease in the asymmetric induction (entry 8). A methoxy-group
in the 3-positon of the aryl moiety slightly increased the ee (entry
9). The increase of the ee with the methoxy substituent on the
aromatic ring is quite uncommon in Cinchona alkaloid PTC, and
this prompted us to prepare a series of new catalysts based on
this motif.11 The effect of the alkoxy substituents is cooperative,
and it seems to be due to both ion-pair stabilizing12 electronic
and steric effects. More sterically hindered 3,4-dibenzyloxybenzyl
cinchoninium bromide 3l turned out to be a better catalyst of
3,5-dimethoxybenzyl cinchonidinium bromide 3k while less bulky
3,4-methylenedioxybenzyl cinchoninium bromide 3i gave lower
ee (entries 10, 11 and 12). The placement of a third methoxy
group on the catalyst as in 3m resulted in even higher ee (entry
13). Preparation of the 3,4,5-tribenzyloxybenzyl cinchoninium
bromide 3n, rewarded us with 88% ee (er = 15.5 : 1) at rt and 92%
(er = 24 : 1) ee at 0 ◦C (entries 14,15). However, lower temperatures
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Table 1 Screening of the different catalysts for the dimerization reaction
of 2-cyclohexenenone 2a


Entry R R′ X Eeb(%) Y (%)


1 H Cl 3a 47 96


2 H I 3b rac. 85


3 Allyl Cl 3c 35 96


4 H Cl 3d −75c ,d 95


5 H Br 3e 59 82


6 H Br 3f 71 95


7 H Br 3g 65 95


8 H Br 3h 42 92


9 H Br 3j 58 80


10 H Br 3k 64 82


11 H Br 3i 38 86


12 H Br 3l 70 80


13 H Br 3m 70 70


14 H Br 3n 88 90


15 H Br 3n 92e 72


a Reactions were performed with 0.52 mmol of 1, 4 mL of toluene, 0.4 mL of
50% KOHaq, and 0.065 mmol of catalyst 3. b Ees determined by CSP-GC.
c N-Methylanthracenyl cinchonidinium bromide was used. d Negative ee
refers to the formation of the opposite enantiomer. e Reaction performed
at 0 ◦C. The absolute configuration was determined by comparison of
optical rotation with a known compound, see ESI.†


Table 2 Effect of temperature, dilution, and alkaloid moiety on the ee of
2a


Entry Alkaloid T/◦C Cat. Eeb (%) Y (%)


1 Cinchonine rt 3m 80 91
2 Cinchonine 0 3m 87 70
3 Cinchonine −20 3m 75 25
4 Cinchonidine rt 3o −78c 90
5 Cinchonidine 0 3o −81c 61
6 Cinchonidine −20 3o −85c 24
7 Cinchonine 0 3n 92 26
8 Cinchonine −20 3n 87 26
9 Cinchonidine 0 3p −81c 23


10 Cinchonidine −20 3p −88c 23


a Reactions were performed with 0.52 mmol of 1, 4 mL of toluene, 0.4 mL
of 50% KOHaq, and 0.065 mmol of catalyst 3; reaction time 24 h or 4 d in
entries 3 and 6–10. b Ees determined by CSP-GC. c Negative ee refers to
the formation of the opposite enantiomer.


afford the reaction product in much longer reaction time and
in low conversion.13 Giving the numerous known applications of
asymmetric phase transfer catalysis we hope that these new alkoxy-
substituted catalysts 3a–n can also be successfully employed in
other new or known reactions. Next, we tested the effect of con-
centration and temperature on the level of asymmetric induction.
As expected, the ee increased from 70% (er = 5.5 : 1) to 80% (er
= 9 : 1) when performing the reaction at higher dilution (Table 2,
entry 1). Cinchona alkaloid enantiomers are not commercially
available, but it has been constantly observed that the “quasienan-
tiomers” cinchonidine and cinchonine induce comparable levels
of ee. Products of opposite absolute stereochemistry are formed
in most reactions.14 We expected the asymmetric induction to
increase on decreasing the temperature, since a “tighter” ion pair
is formed. However, the two “quasienantiomers” of the two N-
3,4,5-trimethoxybenzyl catalysts 3m,3o tested showed a singular
behavior: the diastereoisomers derived from the cinchonine series
lowered the level of asymmetric induction with the temperature
(entries 2 and 3); the highest ee is observed at 0 ◦C (87%) and
it drops to 75% at −20 ◦C. Further lowering of the temperature
was not tested because at −20 ◦C conversion after 4 days was
low. In contrast, the diastereoisomers derived from cinchonidine
always increased the level of enantioselection on decreasing the
temperature;15 similar behaviour was observed using the N-3,4,5-
tribenzyloxybenzyl pseudoenatiomeric catalysts 3n,3p at −20 ◦C
and 0 ◦C (entry 7–10).16


The reaction was tested on different cyclic enones and results
are summarized in Table 3. 2-Cyclopentenone 4, (entry 1, Table 3)
does not give any product, because the double bond in the anion
can isomerize easily; the anion is more stabilized with respect to
the anion derived from 2-cyclohexenone 1 and consequently its
reactivity is reduced.17
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2-Cycloheptenone 5 (entry 3) instead affords the dimerization
product showing a similar level of asymmetric induction as
cyclohexenone 1. If there are no a-hydrogens with respect to the
double bond, no product is observed (entry 5). Dimerization of
8 does occur in comparable ees but the reaction is much slower,
since a crowded quaternary stereocenter is formed (entry 6).


We were able also to isolate in nearly quantitative yields (94–
95%) the adducts of 2-cyclohexenone 1 to conjugate ketone 10
that cannot dimerize (Scheme 2); while with the aryl trimethoxy
catalyst 3m the level of asymmetric induction was comparable to
the cyclic enones (65% vs. 70% of the cyclic enones); our best
performing catalyst 3n gave only 47% ee.


We also tested esters as Michael acceptors, e.g. di-t-butyl
fumarate, but in this case yields and ees were poor (catalyst 3m: Y
= 20%, ee = 40%; catalyst 3n: Y = 32%, ee = 0%) but also here the
best catalysts were the N-3,4,5-trimethoxybenzyl substituted ones,
in contrast with what has been observed for the cyclic enones.


Table 3 Reaction of different enones catalyzed by 3na


Entry Reactant Product Eeb (%) Y (%)


1 None — N. R.


2 88 90


3 −73 75c ,d


4 87 80d


5 None — N. R.


6 85 15e


a Reactions were performed with 0.52 mmol of reactant, 4 mL of toluene,
0.4 mL of 50% KOHaq, and 0.065 mmol of catalyst 3n, reaction time: 24 h.
b Ees determined by CSP-GC. c Catalyst 3o is used. d Reaction time: 2 d.
e Reaction time: 4 d.


In summary, herein we present the development of a new class of
Cinchona alkaloid-based catalysts used in the asymmetric Michael
addition. Dimerization of 2-cyclohexenone 1 proceeds with up to
92% ee. Further work to define the scope of this reaction and to
extend it to other electrophiles, is underway in our group.
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2005, 7, 3219.


Scheme 2 Cross vinylogous deprotonation–addition of 2-cyclohexenone.


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 4281–4284 | 4283







12 Asymmetric induction in Cinchona alkaloid-mediated PTC stems from
weak interactions arising in a thight ion pair; for a useful discussion on
the role of the 9-OH see ref. 5c and references cited therein.


13 Dendritic Cinchona alkaloids-derived PTC, in which benzyloxy groups
substituted on the aromatic moiety in several patterns, have been
prepared and employed in the alkylation of benzophenone imine glycine
esters: G. Gulliena, R. Kreiter, R. van de Coervering, R. J. M. Klein
Gebbink, G. van Koten, R. Chinchilla and C. Najera, Tetrahedron:
Asymmetry, 2003, 14, 3705; however the level of asymmetric induction
achieved is moderate, 50% ee, if compared with Corey’s catalyst, well
above 90% ee.


14 For the use of the term quasienantiomers see: Q. Zhang and D. P.
Curran, Chem.–Eur. J., 2005, 11, 4866.


15 A similar finding was observed by Jørgensen and co-workers: S.
Brandes, M. Bella and K. A. Jørgensen, Angew. Chem., Int. Ed., 2006,
45, 1147. Only relatively few papers dealing with Cinchona alkaloids
mediated asymmetric PTC report high enantioselectivities with both
quasienantiomeric catalysts.


16 Racemic 2 has a synergic herbicidal effect if used with atrazine: H. A.
Kaufman and R. P. Napier, German Patent, DE 2016666, 1970, 1105.


17 (a) The charge delocalization of the 2-cyclopentenone anion can
account for the facile isomerization in basic conditions of prostaglandin
related systems: see e.g.: B. Y. Lee, J. W. Han, Y. K. Chung and S. W.
Lee, J. Organomet. Chem., 1999, 587, 181; (b) Y. Fujita and T. Nakai,
Synthesis, 1983, 12, 997; no analogous isomerization is reported for
6-membered rings or larger cyclic enones.


4284 | Org. Biomol. Chem., 2006, 4, 4281–4284 This journal is © The Royal Society of Chemistry 2006








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


TMSCH2Li-induced regioselective lithiation of (S)-nicotine


Philippe C. Gros,*a Abdelatif Doudouha and Christopher Woltermannb


Received 4th September 2006, Accepted 10th October 2006
First published as an Advance Article on the web 24th October 2006
DOI: 10.1039/b612786j


The first regioselective C-4 lithiation of (S)-nicotine has been realized using TMSCH2Li as basic
reagent in toluene. The reaction proceeded under mild conditions with a small excess of electrophile.
The 4-chloro derivative was subsequently metallated at C-5 with the same basic reagent in THF at
−78 ◦C. This methodology opens a straightforward access to functional diversity in (S)-nicotine
chemistry.


Introduction


Much interest is currently focused on the chemical modification of
naturally occurring bioactive molecules. The aim is to modulate
the properties of the natural product using only a few reaction
steps. This time- and money-saving approach becomes even more
important when optically active compounds are needed. The
preparation of a chiral molecule analogue often draws the chemist
to design sophisticated multistep synthetic sequences from achiral
precursors, implying yield-consuming asymmetric resolutions as
the final step. (S)-Nicotine 1 is a naturally abundant chiral
alkaloid, efficient for the treatment of neurodegenerative diseases.1


However, there are many drawbacks of using (S)-nicotine, such as
addiction and intrinsic toxicity leading to dramatic cardiovascular
and digestive complications.


The synthesis of new (S)-nicotine analogues potentially display-
ing weaker side effects is thus of critical importance and opens an
exciting challenge for chemists. Also important is the synthesis of
nicotine vaccines for fighting against tobacco addiction.2 Besides
multistep reaction sequences reported in the literature,1c some
attractive straightforward one-step modifications via lithiation of
the pyridine ring have been reported recently by Comins and co-
workers (Scheme 1).3


For example, a range of moieties was introduced at the C-
6 position of 1 by lithiation with the BuLi–LiDMAE reagent3a


previously developed by Gros and Fort.4 The C-2 position was
metallated using LiTMP.3a Unfortunately, the functionalization
was made possible only by trapping the lithio intermediate with
base-compatible electrophiles, obviously limiting the functional
diversity. Kondo’s TMP-zincate5 was also tried, leading to mix-
tures of C-2- and C-4-substituted compounds in poor yield.
To date, the best reported way to functionalize cleanly the C-4
position is the nucleophilic addition of a Grignard or cuprate
reagent to activated (S)-nicotine.6 However, two additional steps
are needed, since the nucleophilic agents have first to be prepared,
and a sulfur treatment is subsequently necessary to release the
target compounds.


aSynthèse Organométallique et Réactivité, UMR CNRS-UHP 7565 Univer-
sité Henri Poincaré, Faculté des Sciences, Boulevard des Aiguillettes, 54506,
Vandoeuvre-lès-Nancy, France. E-mail: philippe.gros@sor.uhp-nancy.fr;
Fax: +33 3836 84785; Tel: +33 3836 84979
bFMC Corporation, Lithium Division, Highway 161 Box 795, Bessemer City,
NC, 28016, USA. E-mail: CHRIS_WOLTERMANN@fmc.com; Fax: +1
704 868 5496; Tel: +1 704 868 5421


Scheme 1 Metallations of (S)-nicotine reported in the literature. LiD-
MAE = LiO(CH2)2NMe2.


Recently, we have reported the efficient metallation of pyridine
derivatives using TMSCH2Li-based lithiating agents.7 The new
non-nucleophilic TMSCH2Li–LiDMAE reagent used in stoichio-
metric amount led to an unexpected regioselectivity in the metal-
lation of 4-DMAP, which was functionalized exclusively at C-3 for
the first time.8 We felt that such a reagent could provide new levels
of selectivity with other amino-substituted pyridines such as 1.


Results and discussion


The metallation of 1 was investigated with several TMSCH2Li–
LiDMAE combinations under various conditions (Scheme 2,
Table 1). Preliminary experiments showed that 1 was entirely
recovered when reacted at 0 ◦C. In contrast, C-4 lithiation was
obtained exclusively at 20 ◦C whatever the TMSCH2Li/LiDMAE
ratio or solvent used.


Scheme 2 Metallation of 1 with TMSCH2Li-containing reagents.


All reactions were very clean, providing easily separable 2a and
unreacted 1. The best yield (90% isolated) was obtained using
2 equiv. of TMSCH2Li in toluene for 5 h at room temperature
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Table 1 Condition screening for lithiation of 1a


Entry TMSCH2Li (equiv.) LiDMAE (equiv.) Solvent t/h 2a (%)b


1 2 1 Hexane 1 14
2 2 2 Hexane 4 72
3 2 0 Hexane 4 81
4 2 0 Hexane 5 88
5 1.5 0 Hexane 5 82
6 2 0 Toluene 5 95 (90c)
7 1.5 0 Toluene 5 88
8 2 1 Toluene 3 91


a All reactions performed on 1.84 mmol of 1. b Yield determined by 1H NMR of the crude product; the remaining material is unreacted 1. c Isolated yield.


(entry 6). However, excellent yields could be also attained using
1.5 equiv. of the basic reagent (entry 7). The metallation time could
be shortened (to 3 h) using TMSCH2Li and LiDMAE in a 2 : 1
ratio (entry 8). Interestingly, all reactions were performed with only
a stoichiometric amount of electrophile. This illustrated the low
nucleophilicity of TMSCH2Li, since an excess of this reagent did
not consume the electrophile before its reaction with the lithiated
pyridine.


This lithiation regioselectivity was unexpected, since the metal-
lation affected the less acidic proton, as shown by the calculated
charge on protons in 1 (Fig. 1(a)).9 A tentative explanation of this
selectivity could be a cooperative chelating effect of the pyrrolidine
nitrogen, placing TMSCH2Li at the appropriate place to abstract
the H-4 proton (Fig. 1(b)).


Fig. 1 (a) PM3 proton charge calculations in 1. (b) Proposed coordination
mode of TMSCH2Li to pyrrolidine nitrogen.


The reactivity of TMSCH2Li here contrasts with that of n-BuLi,
since BuLi–LiDMAE has been reported to induce selectively the
C-6 lithiation of 1 (Scheme 1).2


We then focused on the synthetic potential of this new method-
ology for the preparation of several C-4-substituted nicotine
derivatives. The simplest and most practical conditions (Table 1,
entry 6) were chosen to examine the reaction with several
electrophilic reagents (Scheme 3).


A range of new functionalities was introduced for the first time
at C-4 of 1. Good yields were obtained using small excesses
of electrophiles. This was found to be highly valuable for the
preparation of stannane 2f, avoiding the usual tedious separation
of tin by-products. Note that the iodo derivative 2e was obtained
as a single product in 64% yield, while the same compound could
be obtained only in 24% yield (in non-selective manner) using
Kondo’s reagent.3a Our compound 2e gave an optical rotation
comparable to the literature value under similar conditions,
indicating the absence of racemization during our metallation
process (see Experimental section). We also demonstrated the


Scheme 3 Preparation of 4-substituted nicotine derivatives. Reagents
and conditions: i) TMSCH2Li (2 equiv.), toluene, 20 ◦C, 5 h.
ii) ClSiMe3/C2Cl6/CBr4/I2/ClSnBu3/PhCONMe2, as appropriate (1.1
equiv.), toluene, −78 ◦C to rt. For 2h and 2i the electrophiles were
respectively PhCHO and o-MeOC6H4CHO (2 equiv.) added in THF. *
1H NMR showed a 1 : 1 diastereoisomeric ratio.


applicability of the process for the multigram scale preparation
of the useful chloro derivative 2c.10 The reaction proceeded
as well on 28 mmol of 1, producing 5 g of 2c (88% yield).
The reaction of prochiral aldehydes was also investigated for a
straightforward access to chiral alcohols. The 1H NMR spectra
did not reveal any diastereoselection, indicating the weak influence
of the chiral pyrrolidine moiety during the aldehyde condensation
step. However, both the diastereoisomers from 2h and 2i were
found to be separable by column chromatography.


Finally, we examined the metallation of the chloro derivative 2c.
The aim was to exploit the ortho-directing power of chlorine at C-4
to introduce functionalities at C-5. Our first attempts at applying
the previous metallation conditions led to sluggish and poorly
selective reactions. The solvent was then changed and the reaction
was performed at 0 ◦C with 2 equiv. of TMSCH2Li in THF. Under
these conditions, only the C-5-substituted product 3 was obtained
(Scheme 4). The formation of 3 can be explained by pyridyne
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Scheme 4 Introduction of the TMSCH2 group at C-5.


formation and subsequent attack at the more electrophilic site by
the remaining equivalent of TMSCH2Li.


This reaction clearly indicated that lithium was successfully
introduced at the C-5 position but was too instable to be trapped
at 0 ◦C. Thus, the temperature was lowered to improve the
stabilization. After a short temperature screening, we found
that performing the reaction at −78 ◦C, while decreasing the
conversion, cleanly provided alcohols 4 and 5 (as 1 : 1 mixtures
of inseparable diastereoisomers) in acceptable yields (Scheme 5).
Note that the starting material was recovered in 25 and 47%
respectively. This iterative lithiation is also of particular interest,
since the C–Cl bond at C-4 is known to be easily reduced
under several conditions, giving a straightforward access to C-
5-substituted derivatives.


Scheme 5 Synthesis of 4,5-disubstituted nicotine derivatives.


Conclusion


In summary, the first regioselective C-4 lithiation of (S)-nicotine
has been realized. The metallation proceeded smoothly at room
temperature using TMSCH2Li as a basic reagent in toluene, lead-
ing to a range of new derivatives. The C-4-chlorinated derivative
was prepared on a multigram scale and successfully functionalized
at C-5 using the same metallating agent in THF at −78 ◦C. The
new methodology disclosed here is a significant advance in (S)-
nicotine chemistry in terms of selectivity and functional diversity.
Work is now progressing to investigate in more detail the origin of
the selectivity at C-4 as well as the scope of this reaction.


Experimental


General procedure for lithiation of (S)-nicotine. Preparation of
compounds 2a–i


A solution of 1 (299 mg, 1.84 mmol) in anhydrous toluene (4 mL)
was cooled to 0 ◦C, and TMSCH2Li (3.68 mmol, 4 mL of a
0.92 M solution in hexanes) was added dropwise. At the end of the
addition (ca. 5 min), the reaction medium was allowed to warm
to rt (typically 20 ◦C) and stirred for 5 h at this temperature.


The orange solution was then cooled to −78 ◦C and treated with
a solution of the appropriate electrophile (2 mmol) in toluene
(2 mL), added dropwise. After the addition, stirring was main-
tained for 30 min at −78 ◦C, and then for 1 h at room temperature.
Hydrolysis was performed at −78 ◦C with H2O (10 mL). After
extraction with Et2O, drying and evaporation of the organic phase,
the crude product was purified by column chromatography using
AcOEt–hexane–Et3N (30 : 70 : 10) as eluent (this was found to be
convenient for all compounds). For the preparation of alcohols 2h
and 2i, the above procedure was employed except that 3.68 mmol
of benzaldehyde or ortho-anisaldehyde were used. For reasons of
solubility ortho-anisaldehyde was added as a solution in THF
(4 mL).


(S)-4-(Methylsulfanyl)nicotine (2a). Yield 90%, white solid,
mp 76 ◦C. [a]27


D −191.5 (c 1.03, CHCl3). (Found: C, 63.51; H,
7.63; N, 13.58. C11H16N2S requires C, 63.42; H, 7.74; N, 13.45%).
dH (200 MHz, CDCl3) 1.47–2.01 (m, 3H), 2.22 (s, 3H), 2.10–2.40
(m, 2H), 2.46 (s, 3H), 3.25 (t, J = 7.2 Hz, 1H), 3.42 (t, J = 8.4 Hz,
1H), 7.01 (d, J = 5.3 Hz, 1H), 8.35 (d, J = 5.3 Hz, 1H), 8.58 (s,
1H). dC (50 MHz, CDCl3) 14.1, 22.7, 32.7, 40.6, 57.1, 65.9, 117.5,
134.9, 147.4, 147.8, 149.0. m/z (EI) 209 (3%), 208 (M+, 13%), 207
(13%), 193 (41%), 165 (24%), 159 (14%), 84 (100%).


(S)-4-(Trimethylsilyl)nicotine (2b). Yield 79%, pale yellow oil.
[a]27


D −169.0 (c 1.04, CHCl3). (Found: C, 66.74; H, 9.53; N, 12.08.
C13H22N2Si requires C, 66.61; H, 9.46; N, 11.95%). dH (200 MHz,
CDCl3) 0.36 (s, 9H), 1.48–1.85 (m, 3H), 2.22 (s, 3H), 2.28–2.41
(m, 2H), 3.23–3.49 (m, 2H), 7.27 (d, J = 4.6 Hz, 1H), 8.43 (d,
J = 4.6 Hz, 1H), 8.86 (s, 1H). dC (50 MHz, CDCl3) 0.8, 23.1, 36.8,
40.7, 57.2, 69.2, 128.1, 144.8, 147.3, 147.9, 149.4. m/z (EI) 234
(M+, 4%), 219 (7%), 205 (3%), 84 (100%), 73 (11%).


(S)-4-Chloronicotine (2c). Yield 91%, pale yellow oil. [a]27
D


−182.1 (c 1, CHCl3). (Found: C, 61.29; H, 6.74; N, 14.18.
C10H13ClN2 requires C, 61.07; H, 6.66; N, 14.24%). dH (200 MHz,
CDCl3) 1.48–1.62 (m, 1H), 1.72–1.85 (m, 2H), 2.21 (s, 3H), 2.32–
2.38 (m, 2H), 3.23 (dt, J = 9.2 and 1.8 Hz, 1H), 3.58 (t, J = 8.3 Hz,
1H), 7.21 (d, J = 5.2 Hz, 1H), 8.31 (d, J = 5.2 Hz, 1H), 8.75 (s,
1H). dC (50 MHz, CDCl3) 23.2, 33.8, 40.9, 57.2, 65.6, 124.4, 137.3,
143.7, 148.8, 150.5 m/z (EI) 197 (3%), 196 (M+, 8%), 195 (8%),
169 (5%), 167 (15%), 85 (8%), 84 (100%).


(S)-4-Bromonicotine (2d). Yield 67%, orange gummy solid.
[a]27


D −51.9 (c 0.92, CHCl3). (Found: C, 49.93; H, 5.54; N, 11.71.
C10H13BrN2 requires C, 49.81; H, 5.43; N, 11.62%). dH (200 MHz,
CDCl3) 1.48–1.92 (m, 3H), 2.22 (s, 3H), 2.30–2.50 (m, 2H), 3.20–
3.32 (m, 1H), 3.57 (t, J = 8.0 Hz, 1H), 7.46 (d, J = 5.3 Hz, 1H),
8.27 (d, J = 5.3 Hz, 1H), 8.74 (s, 1H). dC (50 MHz, CDCl3) 22.9,
33.5, 40.7, 56.9, 67.7, 127.5, 134.3, 147.9, 148.4, 150.2. m/z (EI)
242 (4%), 241 (M+, 4%), 239 (4%), 199 (2%), 84 (100%).


(S)-4-Iodonicotine3 (2e). Yield 64%, white solid, mp 96 ◦C (lit.3


97–98 ◦C). [a]27
D −130.5 (c 1.03, CHCl3) and (for comparison)


[a]25
D −118 (c 4.05, CH2Cl2) (lit.3 [a]23


D −120 (c 4.2, CH2Cl2)). dH


(200 MHz, CDCl3) 1.42–1.65 (m, 1H), 1.75–1.95 (m, 2H), 2.24 (s,
3H), 2.32–2.45 (m, 2H), 3.20–3.35 (m, 1H), 3.39 (t, J = 8.3 Hz,
1H), 7.70 (d, J = 5.3 Hz, 1H), 8.04 (d, J = 5.3 Hz, 1H), 8.61 (s,
1H). dC (50 MHz, CDCl3) 23.1, 34.1, 40.9, 57.2, 72.7, 111.5, 134.5,
142.2, 148.5, 149.9. m/z (EI) 288 (M+, 6%), 287 (6%), 259 (5%),
84 (100%), 82 (10%), 63 (10%).
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(S)-4-(Tributylstannyl)nicotine (2f). Yield 61%, colorless oil.
[a]27


D −74.6 (c 1.03, CHCl3). (Found: C, 58.63; H, 8.84; N, 6.32.
C22H40N2Sn requires C, 58.46; H, 8.93; N, 6.21%). dH (200 MHz,
CDCl3) 0.9–2.0 (m, 31H), 2.19 (s, 3H), 2.30 (q, J = 8.6 Hz, 1H), 3.0
(t, J = 8.6 Hz, 1H), 3.25 (dt, J = 7.6 and 1.9 Hz, 1H), 7.31 (d, J =
4.9 Hz, 1H), 8.38 (d, J = 4.9 Hz, 1H), 8.67 (s, 1H). dC (50 MHz,
CDCl3) 10.9, 13.5, 22.5, 26.9, 29.2, 36.5, 40.8, 56.9, 72.8, 131.4,
145.2, 146.1, 148.5, 152.1


(S)-[3-(1-Methylpyrrolidin-2-yl)pyridin-4-yl](phenyl)methanone
(2g). Yield 60%, yellow oil. [a]27


D −76.4 (c 0.84, CHCl3). (Found:
C, 76.79; H, 6.71; N, 10.63. C17H18N2O requires C, 76.66; H, 6.81;
N, 10.52%). dH (200 MHz, CDCl3) 1.62–1.9 (m, 3H), 1.99 (s, 3H),
2.05–2.31 (m, 2H), 2.75–2.85 (m, 1H), 3.45 (t, J = 8.0 Hz, 1H),
7.13 (d, J = 4.9 Hz, 1H), 7.44 (t, J = 6.8 Hz, 2H), 7.56 (t, J =
6.9 Hz, 1H), 7.70 (d, J = 6.8 Hz, 2H), 8.58 (d, J = 4.9 Hz, 1H),
8.81 (s, 1H). dC (50 MHz, CDCl3) 23.4, 35.4, 40.8, 56.0, 66.6,
112.1, 127.2, 128.4, 128.6, 128.9, 133.2, 137.3, 146.2, 148.1, 150.3,
194.4. m/z (EI) 266 (42%), 251 (58%), 210 (20%), 159 (15%), 105
(24%), 84 (100%), 82 (21%), 77 (84%), 51 (38%).


[3-(1-Methylpyrrolidin-2-yl)pyridin-4-yl](phenyl)methanol (2h).
Yield 85%, obtained as a 1 : 1 mixture of diastereoisomers, which
were separated. The absolute configuration was not determined.


Diastereoisomer 2h-1. Yield 47%, viscous colorless oil. [a]27
D


−38.7 (c 1.24, CHCl3). (Found: C, 76.15; H, 7.62; N, 10.53.
C17H20N2O requires C, 76.09; H, 7.51; N, 10.44%). dH (200 MHz,
CDCl3) 1.90–2.52 (m, 8H), 3.21–3.42 (m, 2H), 6.15 (s, 1H), 6.70
(d, J = 5.1 Hz, 1H), 7.25–7.45 (m, 5H), 8.33 (d, J = 5.1 Hz, 1H),
8.46 (s, 1H). dC (50 MHz, CDCl3) 24.1, 32.5, 40.5, 57.1, 66.8, 69.9,
71.3, 123.3, 127.1, 127.3, 127.8, 128.5, 135.0, 137.6, 141.1, 149.6,
151.1, 152.5. m/z (EI) 268 (M+, 9%), 210 (10%), 196 (15%), 168
(13%), 120 (19%), 84 (100%), 79 (22%), 77 (48%).


Diastereoisomer 2h-2. Yield 37%, white solid, mp 135 ◦C. [a]27
D


−28.6 (c 0.68, CHCl3). (Found: C, 76.19; H, 7.46; N, 10.62.
C17H20N2O requires C, 76.09; H, 7.51; N, 10.44%). dH (200 MHz,
CDCl3) 1.20–1.40 (m, 1H), 1.42–1.81 (m, 2H), 2.10–2.42 (m, 4H),
3.12–3.42 (m, 2H), 5.92 (s, 1H), 7.10–7.45 (m, 6H), 8.48 (d, J =
5.0 Hz, 1H), 8.54 (s, 1H). dC (50 MHz, CDCl3) 22.4, 32.6, 40.5,
56.5, 68.7, 76.7, 123.9, 123.9, 127.3, 127.7, 128.6, 135.2, 141.1,
144.1, 148.7, 151.2, 152.4. m/z (EI) 268 (M+, 11%), 210 (11%),
196 (15%), 168 (13%), 120 (19%), 84 (100%), 79 (31%), 77 (60%).


(2-Methoxyphenyl)[3-(1-methylpyrrolidin-2-yl)pyridin-4-yl]-
methanol (2i). Yield 85%, obtained as a 1 : 1 mixture of di-
astereoisomers, which were separated. The absolute configuration
was not determined.


Diastereoisomer 2i-1. Yield 44%, colorless oil. [a]27
D −50.0 (c 2.12,


CHCl3). (Found: C, 72.53; H, 7.56; N, 9.49. C18H22N2O2 requires
C, 72.46; H, 7.43; N, 9.39%). dH (200 MHz, CDCl3) 1.90–2.52
(m, 8H), 3.28–3.42 (m, 2H), 3.64 (s, 3H), 6.37 (s, 1H), 6.63 (d, J =
5.0 Hz, 1H), 6.88 (d, J = 8.0 Hz, 1H), 7.09 (t, J = 7.6 Hz, 1H), 7.34
(t, J = 8.0 Hz, 1H), 7.67 (d, J = 7.6 Hz, 1H), 8.29 (d, J = 5.2 Hz,
1H), 8.43 (s, 1H). dC (50 MHz, CDCl3) 24.4, 40.6, 55.2, 55.3, 65.5,
70.0, 110.0, 120.8, 121.8, 127.5, 128.5, 129.2, 134.9, 149.8, 150.8,
152.5, 156.1. m/z (EI) 298 (M+, 10%), 296 (18%), 281 (20%), 173
(23%), 159 (31%), 84 (100%), 77 (43%), 63 (21%).


Diastereoisomer 2i-2. Yield 33%, white solid, mp 135 ◦C. [a]27
D


−88.2 (c 0.78, CHCl3). (Found: C, 72.33; H, 7.46; N, 9.25.
C18H22N2O2 requires C, 72.46; H, 7.43; N, 9.39%). dH (200 MHz,


CDCl3) 1.22–2.23 (m, 8H), 3.10–3.45 (m, 2H), 3.80 (s, 3H), 5.37
(brs, 1H), 6.39 (s, 1H), 6.88 (m, 2H), 7.05 (dd, J = 7.6 and 1.2 Hz,
1H), 7.31 (t, J = 7.6 Hz, 1H), 7.37 (d, J = 4.9 Hz, 1H), 8.36 (d,
J = 4.9 Hz, 1H), 8.63 (s, 1H). dC (50 MHz, CDCl3) 22.6, 33.7,
40.5, 55.4, 56.6, 65.9, 66.9, 110.7, 120.8, 121.6, 128.5, 129.2, 131.2,
135.7, 147.8, 149.5, 150.7, 156.5. m/z (EI) 298 (M+, 10%), 296
(25%), 281 (34%), 173 (40%), 159 (50%), 135 (23%), 84 (100%), 77
(62%), 63 (27%).


Lithiation of (S)-4-chloronicotine (2c). A solution of 2c
(299 mg, 1.84 mmol) in anhydrous THF (4 mL) was cooled to
−78 ◦C, and TMSCH2Li (3.68 mmol, 4 mL of a 0.92 M solution
in hexanes) was added dropwise. At the end of the addition (ca.
5 min.), the reaction medium was stirred for 5 h at the same
temperature. The orange solution was then treated dropwise with
a solution of the appropriate electrophile (2 mmol) in THF (2 mL).
After the addition, the stirring was maintained for 30 min at
−78 ◦C, and then for 1 h at room temperature. Hydrolysis was
performed at −78 ◦C with H2O (10 mL). After extraction with
Et2O, drying, and evaporation of the organic phase, the crude
product was purified by column chromatography using AcOEt–
hexane–Et3N (30 : 70 : 10) as eluent (this was found to be
convenient for all compounds).


3-(1-Methylpyrrolidin-2-yl)-5-(trimethylsilanylmethyl)pyridine
(3). This compound was obtained when the metallation was
performed at 0 ◦C instead of −78 ◦C. Yield 51%, yellow oil.
(Found: C, 67.73; H, 9.66; N, 11.35. C14H24N2Si requires C, 67.68;
H, 9.74; N, 11.28%). dH (200 MHz, CDCl3) 0.04 (s, 9H), 1.73–2.32
(m, 9H), 3.03 (t, J = 8.0 Hz, 1H), 3.20–3.32 (m, 1H), 7.35 (s, 1H),
8.17 (d, J = 1.6 Hz, 1H), 8.24 (d, J = 1.9 Hz, 1H). dC (50 MHz,
CDCl3) 0.04, 22.5, 23.8, 35.3, 40.4, 57.0, 68.9, 133.9, 136.2, 137.9,
145.5, 147.9. m/z (EI) 248 (M+, 9%), 247 (6%), 219 (5%), 147 (2%),
85 (6%), 84 (100%), 73 (28%).


[4-Chloro-5-(1-methylpyrrolidin-2-yl)pyridin-3-yl](2-methoxy-
phenyl)methanol (4). Yield 70% (as a 1 : 1 mixture of diastereoiso-
mers), yellow solid, mp 122 ◦C. [a]27


D −115.8 (c 1.02, CHCl3). dH


(200 MHz, CDCl3) 1.52–2.10 (m, 4H), 2.25 (s, 3H), 2.26 (s, 3H),
2.25–2.50 (m, 4H), 3.23–3.65 (m, 6H), 3.86 (s, 6H), 6.42 (s, 2H),
6.91–7.08 (m, 4H), 7.09 (d, J = 6.9 Hz, 2H), 7.31 (t, J = 6.9 Hz,
2H), 8.59 (s, 1H), 8.62 (s, 1H), 8.74 (s, 2H). dC (50 MHz, CDCl3)
23.2, 33.7, 41.1, 55.7, 57.2, 65.8, 67.2, 110.9, 121.0, 128.1, 128.9,
130.5, 136.5, 136.8, 142.7, 148.5, 157.1. m/z (EI) 334 (4%), 332
(M+, 9%), 303 (5%), 152 (7%), 137 (24%), 135 (18%), 84 (100%),
77 (5%).


[4-Chloro-5-(1-methylpyrrolidin-2-yl)pyridin-3-yl](4-methoxy-
phenyl)methanol (5). Yield 40% (as a 1 : 1 mixture of diastereoiso-
mers), pale yellow oil. [a]27


D −86.2 (c 1.05, CHCl3). dH (200 MHz,
CDCl3) 1.20–2.0 (m, 4H), 2.15 (s, 3H), 2.17 (s, 3H), 2.23–2.32 (m,
4H), 3.15–3.55 (m, 4H), 3.74 (s, 6H), 4.4 (brs, 2H), 6.09 (s, 2H),
6.83 (d, J = 8.2 Hz, 4H), 7.27 (d, J = 8.2 Hz, 4H), 8.58 (s, 2H),
8.67 (s, 1H), 8.69 (s, 1H). dC (50 MHz, CDCl3) 23.2, 33.7, 41.1,
55.6, 57.2, 59.2, 64.8, 65.8, 71.4, 114.2, 128.9, 134.9, 137.0, 137.7,
147.7, 148.4, 148.6, 159.4. m/z (EI) 332 (M+, 4%), 331 (1%), 144
(18%), 143 (98%), 130 (29%), 105 (25%), 84 (100%), 77 (15%).
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Fluvastatin is a member of the HMG-CoA reductase inhibitor family of drugs, commonly referred to
as statins. It is generally known that, under physiological conditions, statins are susceptible to
pH-dependent interconversion between their active (hydroxy acid) and inactive (lactone) forms. The
mechanism of this interconversion, under both acidic and basic conditions, was investigated
theoretically using the density functional theory (DFT) method. Regardless of the conditions, the
lactone form was always higher in energy by 6–19 kcal mol−1. However, under basic conditions, the
activation barrier for the hydrolysis was significantly lower (9 kcal mol−1) than for the reverse reaction
(28 kcal mol−1), making the lactone form unstable. The activation barriers under acidic conditions were
of comparable height in both directions (22 and 28 kcal mol−1), making the occurrence of both forms
equally probable. Due to the high activation barrier (>40 kcal mol−1), a one-step, direct interconversion
between the two forms turned out to be unfavourable. Moreover, the potential energy surface of
fluvastatin was briefly inspected, revealing relatively small energetic differences (<5 kcal mol−1) between
the key conformers.


Introduction


3-Hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase
inhibitors (statins) are first-line drugs in the treatment of lipid
disorders. By inhibiting HMG-CoA reductase—a crucial enzyme
in the biosynthesis of cholesterol—they suppress the production of
endogenous cholesterol. As the liver synthesises less cholesterol,
it in turn stimulates the production of high affinity low-density
lipoprotein (LDL) receptors on the surface of liver cells. In con-
sequence, the liver removes more LDL from the blood, resulting
in the reduction of blood levels of both LDL and cholesterol.1,2


Statins have been shown to slow the progression of coronary artery
disease3 and to reduce mortality from cardiovascular disease.4


They have been suggested to have an anti-inflammatory5 and
anti-cancer6 activity. Some of them are also being tested against
Alzheimer’s disease and osteoporosis.7


Thanks to their broad spectrum of clinical applications, statins
are receiving more and more attention in the medical community.
With the expanding treatment of many complicated diseases,
however, the probability of diverse metabolic pathways and side-
effects increases substantially. It is therefore desirable to gain as
much knowledge about statins as possible, in order to provide a
rational basis for their safe and effective use.
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One of the intriguing issues associated with the pharmacological
use of statins is their pH sensitivity in vivo. It has been shown
that the labile 3,5-diol moiety undergoes reversible lactonisation
(schematically presented in Fig. 1) at a rate which is usually pH-
dependent.8,9 At physiological pH and higher, the lactone form
is unstable and the equilibrium favours hydrolysis to open the
lactone and yield the hydroxy acid form. The latter, under acidic
conditions, is susceptible to lactone formation.10,11 In general, the
lactone and acid forms co-exist in equilibrium in vivo, and in the
case of many statins the lactone form is at least as abundant as
the hydroxy acid.12,13 It should be stressed, however, that only
the hydroxy acid form is biologically active. Except for lovastatin
(LV) and simvastatin (SV), all currently available statins are
administered just in this form. LV and SV are administered as
d-lactone pro-drugs; in vivo, they convert both chemically and
enzymatically to their respective hydroxy acids.


Fig. 1 General mechanism for the d-lactonisation of hydroxy acids. R
represents the remainder of the molecule.
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Despite a great deal of pharmacological evidence for the pH-
dependent character of the hydroxy acid–lactone interconversion
of statins, there are no detailed thermodynamic data concerning
this reaction available at this moment.


Some literature reports indicate that concomitant administra-
tion of statins with an acidic carbonated beverage results in
decreased bioavailability due to instability of the drug in acidic
media.14–16 It is possible that after disintegration of a dosage form
and dissolution of drug particles in the stomach, the reactive
moiety will tend to convert to the corresponding inactive lactone
structure by the non-enzymatic, acid-catalysed reaction in the
stomach before absorption from the gastrointestinal tract. On the
other hand, after absorption into the bloodstream (pH = 7.4) the
pH-dependent equilibrium should be shifted towards the hydroxy
acid form.


Based upon these considerations, we set out to gain a theoretical
insight into the mechanism of interconversion of statins using
fluvastatin (FLV) as a model compound, due to the fact that other
statins have even greater conformational freedom.


FLV is the first totally synthetic HMG-CoA reductase inhibitor
and is administered orally as its monosodium salt. Compared to
other statins, it is a relatively hydrophilic (octanol/water partition
coefficient of 20 at pH = 7) weak acid with an ionisation constant
(pKa) of 5.5. Chemically, the FLV molecule is composed of a bulky
lipophilic indole moiety and a heptanoic acid side chain bearing a
3,5-diol (see Fig. 2). The latter is very similar to the HMG portion
of HMG-CoA, and is necessary for pharmacological action.17–19


Fig. 2 Chemical formula and selected atom numbering of fluvastatin in
its ionic form. Torsion angles varied during the initial scan are marked
with Greek letters: a: C(14)–C(11)–C(12)–C(13); b: H–C(7)–C(8)–C(11)
and c : C(15)–N(9)–C(10)–H.


Computational details


All calculations presented in this paper were performed with the
Gaussian 03 program.20 Geometries of all conformers were fully
optimised within the density functional theory (DFT) framework.
The B3LYP21,22 hybrid functional combined with the medium-
size basis set 6-31G23 augmented with diffuse and polarisation
functions was used. At least a single set of diffuse functions
should be used for the proper description of the ionic system.24 For
the structure generated by molecular construction methods and
optimised at the B3LYP/6-31 + G(d) level, conformational energy
maps were obtained through the discrete rotation of selected
torsional angles, in 15◦ increments. At each point the energy was
calculated at the HF/6-31 + G(d) level of theory.


All optimised structures were vibrationally characterised, i.e.,
checked for the absence of imaginary frequencies in the minima
and for the presence of only one imaginary frequency in the
transition states. The complete reaction pathways for all the
mechanisms were verified using intrinsic reaction coordinate
(IRC) analysis of all transition states. For each transition state,
geometries of the last IRC points were optimised to identify the
reactant and product to which they were related.


In addition, the non-iterative COSMO-based PCM method,25,26


as implemented in Gaussian 03, was used to estimate the effect
of protein environment on the energy of key conformers of
FLV. Instead of the default UA0 model, the cavity was built using
the Pauling atomic radii with the dielectric constant (e) set to 2.


Results and discussion


Conformational freedom of FLV


Prior to the hydroxy acid–lactone interconversion analysis, we
decided to roughly examine the conformational space of FLV and
locate the structurally most important minima on its potential
energy surface (PES). Based on collected results, we aimed to
determine the minimum energy pathway connecting the crystallo-
graphically observed structure27 (pdb code: 1HWI) with the other
low energy minima of FLV. Finally, through the incorporation of
solvation effects to gas-phase calculations, we were able to estimate
the energetic cost of this transition in the protein environment.
Accurate prediction of protein–ligand interactions is decidedly
non-trivial.28–30 However, in the case of statins, crystal structures
clearly indicate that the linear forms are predisposed to binding to
the enzyme, as the terminal carboxylate group forms salt bridges
with Lys692 and Lys735, while the d-hydroxy group serves as
a charge-assisted hydrogen bond donor to Glu559, and as a
hydrogen bond acceptor from Lys691.27 In the case of the lactone
form of FLV, these strong directional interactions would be absent,
so the lactone form could not be a strong inhibitor.


Fluvastatin exhibits an extreme conformational flexibility due to
many rotational degrees of freedom associated with single bonds
(see Fig. 2). Even a very simple conformational analysis based
on 6 torsion angles (0◦, 60◦, 120◦. . .) for each bond gives more
than 1 million possible conformations. To cover such a complex
space would be not only a very demanding and time-consuming
task, but first of all not really necessary from the viewpoint of
the discussed reaction. Hence, we decided to initially inspect only
torsions associated with a, b, and c (see Fig. 2), in order to find the
energetically most favourable orientation of three main subunits of
FLV, and then to focus our entire attention solely on the hydroxy
acid side chain.


Conformational energy maps for the rotation around the C(11)–
C(12) (a), C(7)–C(8) (b), and N(9)–C(10) (c ) bonds are presented
in Fig. 3. As expected, the fluorophenyl rotation around the
C–C bond resulted in a relatively flat potential. In fact, apart
from the eclipsed and nearly-eclipsed orientations of the rotated
subunits, the energy differences between particular conformations
ranged from 2 to 8 kcal mol−1. Such a structural flexibility should
translate into an increased capability of FLV to best fit into the
HMG-binding pocket. In the case of the isopropyl group, the
situation was quite the opposite, as rotation around the C–N bond
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Fig. 3 Conformational energy maps for the rotation around C(11)–C(12) and C(7)–C(8) (left panel), and N(9)–C(10) and C(7)–C(8) (right panel). The
C2v symmetry of the fluorophenyl residue is easily visible. The energy cutoff value was set at 20 kcal mol−1. For the definition of angles see Fig. 2.


Table 1 Comparison of DFT energies obtained for selected conformers
of FLV. a and b correspond to torsional angles depicted in Fig. 1. X-Ray
values are shown for comparison


DE/kcal mol−1 a


Conformer a/◦ b/◦ DFT DFT + C-PCM


Flv_1 124.1 34.5 1.9 3.8
Flv_2 227.0 36.2 0.9 0.6
Flv_3 133.1 324.4 0.9 0.6
Flv_4 125.3 139.4 0.5 0.4
Flv_5 232.9 225.9 0.0 0.0
X-Ray 238.2 44.1 — —


a Calculated at the B3LYP/6-31 + G(d) level of theory.


was almost completely hindered by the steric repulsion with the
hydroxy acid chain.


As shown in Table 1, fully-relaxed energy optimisations of
selected conformers revealed the existence of a few distinct minima
on the PES of FLV. The average difference in energy, however, did
not exceed 2 kcal mol−1. In this situation, for the purpose of a side-
chain geometry analysis we arbitrarily chose the conformer Flv_2
(see Table 1), characterised by the smallest deviation of a, b, and
c torsions compared to the crystal structure of FLV complexed
with HMGR.


The hydroxy acid side chain is definitely the most flexible part of
the entire molecule. Due to the structural similarity to the HMG
moiety, it is mainly responsible for the competitive inhibition
of human HMGR. The only available crystallographic structure
of FLV is presented in Fig. 4, while a set of 8 representative
conformers revealed by our calculations is presented in Fig. 5. It
seems that in the absence of surrounding residues, intramolecular
hydrogen bonds (HB) between hydroxyl and carboxyl groups
provide a major structural basis for the formation of stable
conformers. Five possible arrangements of such interactions were
observed. Without a doubt, the most stable conformation is the
linear one with a system of two cooperative HBs (see Fig. 5,
Flv_a). Conformations Flv_b and Flv_c, with only one HB, are
10 and 5 kcal mol−1 less stable than Flv_a. Interestingly, the
conformer Flv_c shares the highest geometrical similarity with the
structure observed in the enzyme, and deserves special attention.


Fig. 4 Left: Fluvastatin, as observed in the crystal structure of human
HMGR complex with FLV. Right: The same structure (red) superimposed
on the calculated minimum (blue).


Conformations Flv_d and Flv_e are other examples with two HBs,
but this time both hydroxyl groups interact with the same carboxyl
moiety simultaneously. In both cases, the relative energy values
with respect to Flv_a are about 2 kcal mol−1. With its low energy,
conformer Flv_e turned out to be an ideal substrate for FLV
lactonisation. In the case of the structure devoid of hydrogen bonds
(Flv_f), the energy substantially rises to more than 13 kcal mol−1.


During the study we observed evidence for the existence of
an additional stabilising interaction between the oxygen(s) from
the terminal carboxyl group and the m- and p-hydrogens of the
fluorophenyl ring. Two local minima of that type were indeed
found (Flv_g and Flv_h), but their relative energies were higher
than Flv_a by 10 and 15 kcal mol−1, respectively. All energy values
discussed so far are summarised in Table 2. It should be noted
that there are many other potential energy minima separated by
torsional barriers which we do not report here for the sake of
brevity. Two examples of such minima, however, are depicted in
Fig. 7 (MIN1 and MIN2) as they appeared during the analysis of
the conformational pathway (vide infra).


Since the conformer Flv_c differs by 0.604 Å RMSD from the
crystal structure of FLV it is very likely that these structures are
linked together. Geometry optimisation of the X-ray structure
supported this assumption, showing that Flv_c is the nearest
gas-phase minimum. Starting from this point, it was possible to
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Fig. 5 Selected conformers of FLV optimised at the B3LYP/6-31 + G(d) level of theory.


Table 2 Comparison of DFT energies obtained for selected conformers
of FLV showed in Fig. 4. a and b correspond to torsional angles depicted
in Fig. 1


DE/kcal mol−1 a


Conformer a/◦ b/◦ DFT DFT + C-PCM


Flv_a 227.2 36.2 0.0 0.0
Flv_b 225.0 34.9 9.9 9.2
Flv_c 228.7 33.1 5.1 4.6
Flv_d 226.3 37.1 2.1 5.1
Flv_e 226.2 38.9 1.9 3.2
Flv_f 228.4 29.6 13.7 11.9
Flv_g 225.8 35.4 10.3 9.0
Flv_h 235.8 105.4 15.2 15.0


a Calculated at the B3LYP/6-31 + G(d) level of theory.


establish the minimum energy pathways leading to both global
and pre-reaction minimum structures. Thermodynamic properties
for these pathways are listed in Table 3. It turned out that
the conversion to the global minimum (MIN_global) structure
proceeds through only one transition state (TS) located less than
4 kcal mol−1 higher, while the conversion to the pre-reaction
(MIN_prereact) conformation is a three-step process with a
highest energy barrier of 5 kcal mol−1 (TS1). All energy barriers are


associated with internal rotations around C–C bonds. A complete
pathway together with geometries of the corresponding minima
and transition states are presented in Fig. 6 and Fig. 7, respectively.
As can be clearly seen, the inclusion of solvent effects did, in
fact, affect the overall reaction profile. While some energy barriers
were visibly lowered (TS especially), the relative energy of the last
transition state (TS3) increased. This might suggest that, in the
protein environment, the eventual conformational rearrangement
of FLV would be directed towards the linear hydroxy acid form.


Fig. 6 Conformational pathway of FLV; gas phase (plain line), C-PCM
corrected (bold line).
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Table 3 Activation energies, enthalpies of activation and free energies of activation for the fluvastatin rearrangement between structurally important
conformations: crystallographically nearest minimum (MIN_Xray), pre-reaction minimum (MIN_prereact) and global minimum (MIN_global) at
298.15 K


Direction DE/kcal mol−1 a DH‡/kcal mol−1 a DG‡/kcal mol−1 a


MIN_Xray → MIN_global TS 2.8 2.4 1.6
MIN_Xray → MIN_prereact TS1 3.9 4.2 3.8


TS2 5.0 4.7 4.3
TS3 4.3 3.5 2.8


a Calculated at the B3LYP/6-31 + G(d) level of theory.


Fig. 7 Geometries of selected stationary points along the conformational pathway of FLV. Relative energy values (in kcal mol−1) calculated at the
B3LYP/6-31 + G(d) level of theory are given in boxes (C-PCM corrected values are given in parentheses).


Mechanism for the transition from the acid form (A) to the lactone
form (L) of FLV under acidic conditions


Under acidic conditions, experimental measurements indicate that
conversion between the lactone and acid forms of FLV occurs, and
that both species are in an equilibrium depending on the pH of
the solution.10,11 In our calculations the reaction leading from the
acid form of FLV to the lactone form starts in a conformation in
which the 5-OH group is in the vicinity of the COOH moiety. It is
well known that the reaction mechanisms studied computationally
with OH− or H3O+ (not mentioning those using an isolated proton)
show very low energy barriers for isolated species.31,32 Our previous
studies indicate that the use of uncharged groups as the source of
protons results in more realistic interconversion barriers.33,34 Thus,
we decided to include an additional carboxylic acid moiety (formic


acid) as a source of protons, because it better mimics mild acidic
conditions than the H3O+ cation.


In our initial pre-reaction complex, the formic acid forms
hydrogen bonds with the acid form of FLV, as it accepts a hydrogen
bond from the 5-OH group of FLV and donates another hydrogen
bond to the carboxylic oxygen atom of FLV (see Fig. 9A). The
reaction leading from A to L may proceed directly via transition
states AL1 or AL2 (see Fig. 8 and 9). These states differ from
each other by protonation patterns i.e. in AL1 the leaving water
molecule is in the axial position with respect to the forming
lactone ring, while in AL2 it is in the equatorial position. The
energy barriers are 43 kcal mol−1 and 46 kcal mol−1, above the
lowest energy conformation of FLV in the acid form, for AL1, and
AL2, respectively. Such high energy barriers are not likely to be
overcome under physiological conditions, therefore the reaction
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Fig. 8 Reaction pathways for the interconversion between the acid (A)
and lactone (L) forms of FLV under mildly acidic conditions (plain and
dashed lines), and between the carboxylate salt (S) and the lactone (L)
under basic conditions (bold line). The lowest energy forms of A and S
were chosen as the reference points, so their relative energy is 0 kcal mol−1.


involving the lactone and the acid form of FLV proceeds in
a different way. Firstly, the 5-OH hydroxyl group attacks the
carboxylic carbon atom, as it does in AL1 and AL2. This time,
however, the carbonyl oxygen is protonated. The transition state
AH has a relative energy of 26 kcal mol−1.


Next, the hydrated lactone (H) of FLV is formed. In fact
there are several potential energy minima corresponding to the H
structures (H_AH, H_HL1, H_HL2), interacting in our model,
with the second carboxylic acid moiety. These structures have
relative energies in the range from 12 to 14.5 kcal mol−1, and differ
from each other by different protonation patterns. Due to various
modes of interaction with the second carboxylic acid moiety, the
interchanges between various H structures are easy and relative
energies of these transitions, with respect to the lowest energy
H structure, are lower than 5 kcal mol−1(see Fig. 8). On the
way to the lactone form, the hydrated lactone eliminates water
molecule which may leave the newly formed lactone ring in the
axial or equatorial positions via transition states HL1 and HL2,
respectively. These transition states have relative energies of 28
kcal mol−1 (HL1) and 35 kcal mol−1 (HL2) with respect to the
lowest energy (A) form. Among the created lactone forms L, the
one with the lowest potential energy is still 6 kcal mol−1 higher
in energy than the A form. Therefore, the reaction leading from
the acid form of FLV (A) to the lactone form (L) is endoergic and
requires slightly more than 6 kcal mol−1. The energy barrier for this
conversion is about 28 kcal mol−1, and the highest energy point
corresponds to the reaction eliminating the water molecule from
the hydrated lactone form of FLV, as the reaction of lactonisation
of FLV proceeds in two steps via a hydrated lactone form. In the
case of the hydrolysis of the lactone form of FLV under mildly
acidic conditions, the reaction is exoergic, as the acid form is
6 kcal mol−1 lower in energy. Moreover, the activation energy for
hydrolysis is 6 kcal mol−1 lower than for the lactonisation reaction,
and amounts to 22 kcal mol−1.


Mechanism for the transition from the lactone form (L) to the
carboxylate salt (S) of FLV under basic conditions


The hydrolysis of the lactone form of FLV occurs experimentally
under basic conditions.11 In our calculations, the lowest energy
structure of FLV in the lactone form with the hydroxyl anion is


Fig. 9 Geometries of selected stationary points along FLV intercon-
version pathways. Relative energy values (in kcal mol−1) calculated
at the B3LYP/6-31 + G(d) level of theory are presented in boxes
(C-PCM-corrected values are given in parentheses). For the sake of clarity
only the reactive moiety is presented.


19 kcal mol−1 higher in energy than the corresponding carboxylate
salt of FLV. The activation energy for lactone hydrolysis under
basic conditions is about 9 kcal mol−1—much lower than the
22 kcal mol−1 under mildly acidic conditions (see Fig. 8). The
transition state LO, in which the hydroxyl anion attacks the
lactone ring, has a relative energy of 28 kcal mol−1 with respect to
the carboxylate salt formed as the result of the lactone hydrolysis.
The structure O is a local and shallow minimum in the potential
energy, and its relative energy is 24 kcal mol−1. However, the
following transition state, OS, has a relative energy of only 26 kcal
mol−1, and on the other side of this potential energy saddle is
the global minimum S. All in all, the hydrolysis of the lactone
form of FLV under basic conditions is an exoergic reaction, as
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under acidic conditions. However, the energy gain under basic
conditions is much higher, and amounts to about 19 kcal mol−1,
while under mildly acidic conditions it is about 6 kcal mol−1.
Moreover, the activation barrier for the hydrolysis reaction is
only 9 kcal mol−1. Together this renders the lactone form unstable
under basic conditions, and the reaction proceeds towards the
carboxylate salt of FLV. For the reverse reaction leading from the
carboxylate salt to the lactone, the energy barrier would be as high
as 28 kcal mol−1, and the lactone form would be much higher in
energy (19 kcal mol−1) than the carboxylate salt.


Conclusions


The DFT-based study of the hydroxy acid–lactone interconversion
of fluvastatin presented in this paper fully supports previously
reported findings on the pH-dependent character of this reaction.
Major effort was put into the accurate calculation of energy
barriers associated with the formation of corresponding forms,
and four possible pathways were analysed. Due to high activation
barriers (>40 kcal mol−1), the two first pathways (one-step, direct
interconversion) were of little interest. The other two, however,
gave more interesting results. Because of a comparable height of
energy barriers (22 and 28 kcal mol−1) in an acidic environment, the
hydroxy acid–lactone system exists an the equilibrium state, while
under basic conditions, this equilibrium is shifted towards the
hydroxy acid form, since the activation barrier for the hydrolysis
drops significantly to 9 kcal mol−1. It is worth noticing that,
regardless of the conditions, the hydroxy acid form of FLV is
more stable than the lactone form.


Due to a high structural resemblance between statins, and based
on the fact that the reactive moiety is a simple, unhindered,
dihydroxycarboxylic acid, one might expect that the results
obtained in this paper for FLV should be, at least qualitatively,
similar in the case of all statins. Nevertheless, the reader should
not assume this to be true for all lactonic compounds. In the case
of irinotecan, another anti-cancer drug, the hydroxy acid–lactone
equilibrium is reversed: acid conditions promote the formation of
the lactone, while more basic conditions favour the hydroxy acid
form.35


In addition, based on the potential energy surface scan per-
formed in the initial stages of this study, a set of 8 representative
conformers of FLV was selected. One of the obtained conformers
was structurally very close to the one recently observed in the
crystal of the human HMGR complex with FLV. The analysis
of possible conformational rearrangements of this conformer
revealed a very low rotational barrier (1.4 kcal mol−1 in the protein
environment) on the way to the global minimum (the stranded
hydroxy acid form).
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A series of 3,6-dichloro-1H-pyridazin-4-ones have been pre-
pared via the cycloaddition of 3,6-dichlorotetrazine with
alkynylboronates, and their employment as useful synthetic
intermediates was highlighted through a selection of highly
regioselective C–O, C–S and C–C bond forming reactions.


Pyridazinones represent an important class of bioactive com-
pounds, and they have been particularly widely exploited as crop
protection agents and as pharmaceuticals.1 For example, the anal-
gesic anti-inflammatory agent emorfazone 12 and the herbicide
norflurazon 23 are founded on this motif, whilst Stevenson and co-
workers found that the structurally related 3 also showed good her-
bicidal activity (Chart 1).4 Recent work in our labs has uncovered
an efficient route to pyridazines that we felt would be amenable to
the preparation of a range of pyridazinone scaffolds that would
represent useful intermediates in agrochemical discovery research.
Specifically, we hoped to prepare a series of heterocycles 4 that
would allow flexible introduction of functionality around the
ring and that provided a functional group at C-6 for late stage
modification. We report herein a flexible route to this motif and
some representative functionalisation reactions of the C–Cl bond.


Chart 1 Representative bioactive pyridazinones.


The synthesis of pyridazines is most commonly carried out by
condensation of hydrazine with an appropriately functionalized
dicarbonyl compound (or equivalent).1 This approach can be
rather limited if more heavily functionalised heterocycles are
required because the starting substrate may be inaccessible or
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may contain incompatible functionality. An alternative route that
allows heavily functionalised pyridazines to be readily accessed
is through the Carboni–Lindsey cycloaddition reaction.5 In this
context we have shown that highly functionalised pyridazine
boronic esters can be accessed by the cycloaddition of tetrazines
with alkynylboronates.6,7 Additionally, and in the context of this
study, we further demonstrated that these intermediates could be
elaborated to pyridazinones by oxidation, albeit in a single exam-
ple. In an effort to broaden this technique to include pyridazinone
scaffolds, we envisaged that the cycloaddition of alkynylboronates
with dichlorotetrazine would provide a pyridazine boronic ester
that could be elaborated to a pyridazinone with the option of
functionalising at C-3 or C-6. Notably, a crucial goal in this study
was the realisation of conditions that would allow a number of
groups to be incorporated into these intermediates with high levels
of regiocontrol (Scheme 1).


Scheme 1 Alkynylboronate cycloaddition route to pyridazinones.


We began our studies by investigating the cycloaddition reac-
tion of 3,6-dichlorotetrazine 58,9 with a representative series of
alkynylboronates. Pleasingly, this technique delivered the key 2,6-
dichloropyridazines 6 in good yield in all cases examined. We
found that the reaction proceeded most efficiently in xylenes;
running the reaction at similar temperatures in non-refluxing
solvent gave lower yields due to sublimation of the volatile
tetrazine from the reaction medium. Furthermore, oxidation of
substrates 6b–d proceeded rapidly to provide the corresponding
pyridazinones 7 in good yield within a short reaction time
(Scheme 2).


With the pyridazinones in hand, we turned our attention
to the regioselective functionalisation reactions (Scheme 3).10


Preliminary attempts to add oxygen based nucleophiles invariably
led only to recovery of the starting compound. We surmised
that this poor reactivity was probably due to the generation
of an electron rich pyridazin-4-olate via deprotonation of the
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Scheme 2 Synthesis of 3,6-dichloro-1H-pyridazin-4-ones.


Scheme 3 Pyridazinone protection.


acidic NH. Accordingly we carried out the N-protection of these
substrates and found that both methylation and benzylation
proceeded in modest to excellent yield.


Substitution of the N-protected substrates 8 and 9 were next
investigated and the results are outlined in Table 1. Substitution
of chloride for phenoxide was found to take place in good
yield and with complete regiocontrol for addition at C-6 to give


Table 1 Regioselective chloride substitution


Entry R1 Conditions R2 Yield


1 Ph 8 NaOPh, THF, 40 ◦C OPh 11a; 77%a


2 Bu 9 NaOPh, THF, 40 ◦C OPh 12a; 70%b


3 Bu 9 NaS(p-ClC6H4), THF, RT S(p-ClC6H4) 13a; 96%
4 Bu 9 PhB(OH)2, 3% Pd(PPh3)4,


Na2CO3, tol., reflux
Ph 14b; 62%


a 16% of bis-phenoxide was also isolated. b 11% of bis-phenoxide was also
isolated.


products 11a and 12a respectively (entries 1 and 2). Further studies
demonstrated that substitution of the chloride at C-6 could also
be performed by a base mediated thiolate substitution to give
13a (entry 3). In contrast however, the Suzuki coupling reaction
with phenylboronic acid proceeded with complete reversal of
regiochemistry to provide isomer 14b in 62% yield (entry 4). This
divergence in regiochemistry was unexpected but may be due to
the greater steric congestion around C-6 in comparison to that
at C-3.11 Finally, the employment of the remaining chloride to
introduce further diversity was demonstrated in a single case in
this series by the substitution of the C-3 chloride in 12a by thiolate
to give 15 (Scheme 4).


Scheme 4 Thiolate substitution at C-3.


With the methodology in hand for the selective functionalisation
of the dichloropyridazinones, we set about employing this ap-
proach to the synthesis of analogues of the herbicidal core reported
by Dupont chemists (4 in Chart 1).4 We prepared compound 10
as before, although sequential cycloaddition, oxidation and N-
methylation without intermediate purification gave this compound
in higher overall yield (84% over three steps). We next investigated
the chloride substitution of 10 by methoxide and were surprised to
find this to be poorly regioselective and to favour displacement of
the 3-Cl-substituent.12 However, modification of the reaction con-
ditions allowed to us once again to achieve a highly regioselective
substitution at the C-6 position (Scheme 5).


Scheme 5 Methoxide substitution studies.


Finally, Pd-catalysed dechlorination and demethylation pro-
vided an analogue of the Stevenson compound 17. Moreover, the
potential exploitation of the chloride in 16a for further elaboration
was demonstrated by Suzuki cross-coupling to provide 18 after
demethylation (Scheme 6).


In conclusion, we have developed an efficient route to 3,6-
dichloro-1H-pyridazin-4-ones and demonstrated that they un-
dergo regioselective C–O, C–S and C–C bond forming reactions.


We are grateful to the EPSRC and Syngenta for a studentship
(M.D.H.) and to H. Adams for help in obtaining the X-ray
diffraction data.
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Scheme 6 Reagents and conditions: (a) HCO2NH4, 5% Pd/C, EtOH;
100%. (b) TMSCl, NaI, MeCN. 17; 90%. 18; 100%. (c) PhB(OH)2, 2.5%
Pd(PPh3)4, Na2CO3, tol.; 71%.
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