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The enantioselective desymmetrisation of centrosymmetric piperazines was investigated using both
catalytic and stoichiometric asymmetric acylation approaches. The catalytic approach involved the
desymmetrisation of 2,5-trans-dimethylpiperazine under the control of chiral DMAP analogues. With
one equivalent of piperazine, relative to the acylating agent, low yields of products were obtained in up
to 70% ee. It was shown that an inevitable ‘proof reading’ effect was occurring which increased the
enantiomeric excess of the desymmetrised product through its kinetic resolution. The desymmetrisation
of centrosymmetric piperazines with chiral acylating agents [(1R,2R)-N-formyl-1,2-bis(pentafluoro-
benzenesulfonamido)cyclohexane and (1R,2R)-N-acetyl-1,2-bis(trifluoromethanesulfonamido)-
cyclohexane] was also studied. The yield and enantioselectivity of the process was highly dependent on
the solvent used and the substitution of the piperazine. However, in some cases, good yields of
enantiomerically enriched products could be obtained (up to 87% based on the limiting chiral reagent)
in good enantiomeric excesses (up to 84% ee). The approach was exploited in the total synthesis of
Dragmacidin A.


Introduction


The trans-2,5-dimethyl piperazine ring system may be regarded
as a ‘privileged’1 fragment for ligand design. The ring system
is present in over 3000 reported compounds described in over
900 papers and patents, of which approximately 600 describe
studies of biological activity:‡ it is found in pharmaceutical
leads for the treatment of a wide range of conditions including
gastrointestinal2 and immune system disorders,3 inflammation3


and HIV.4 Examples of biologically active trans-2,5-dimethyl
piperazines include the pyruvate dehydrogenase kinase inhibitor5


1 and the d-opioid receptor agonist 2.6 In addition, many of the
Dragmacidin and Hamacanthin alkaloids, including Dragacidin
A (3) contain 2,5-disubstituted piperazine ring systems.


Despite the prevalence of the trans-2,5-dimethyl piperazine
ring system in biologically active molecules, asymmetric syntheses
of its N-substituted analogues are often highly unsatisfactory.5,6


For example, allylation of trans-2,5-dimethyl piperazine gives
a 50% yield of the inevitably racemic monoallylated product
which must be subsequently resolved.6 A six step procedure has,
however, been developed to convert the unwanted, monoallylated
enantiomer into its antipode in good yield.7 Furthermore, despite
the centrosymmetric fragments which embedded in the structures
of a range of natural products,8 this hidden symmetry has only
been exploited in the synthesis of an early intermediate in a total
synthesis of Hemibrevetoxin B.9 Nonetheless, a few asymmetric
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reactions have now been exploited in the desymmetrisation of cen-
trosymmetric molecules: asymmetric reduction,10 enantioselective
epoxide hydrolysis9 and enzymatic acylation.11


An alternative approach to the synthesis of N-substituted trans-
2,5-disubstituted piperazines could involve the desymmetrisation
of the centrosymmetric ring system (Scheme 1): the nitrogen atoms
of 4 and 5 are enantiotopic, and are ‘coded’ by the absolute
configuration of their neighbouring stereogenic centres. Hence,
enantioselective functionalisation of either 4 or 5 would remove
the centre of symmetry, and could yield the corresponding N-
substituted piperazines in high yield and enantiomeric excess. In
this paper, we describe the desymmetrisation of centrosymmetric
piperazines using both catalytic and stoichiometric methods to
yield enantiomerically enriched N-acyl piperazines such as 6 and
7. The synthetic strategy was then applied in an enantioselective
total synthesis of the alkaloid, Dragmacidin A (3).


Synthesis of racemic samples


Racemic samples of potential desymmetrisation products were
prepared using the reactions described in Scheme 2. Hence, the
centrosymmetric piperazine 4 was reacted with one equivalent
of methyl chloroformate, and subsequently derivatised with b-
naphthoyl chloride: the chiral piperazine 10a, and the centrosym-
metric piperazines 9 and 11 were obtained in 31%, 32% and 26%
yield respectively. The unsymmetrical piperazine 10a could be
easily resolved by chiral analytical HPLC.


The corresponding N-acetyl derivative 10b was prepared in
a similar way. Hence, monoprotection of the centrosymmeric
piperazine 4 as its mono-Cbz derivative 12 was achieved in 36%
yield. Acetylation (→13), hydrogenolytic removal of the Cbz
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Scheme 1


group, and b-naphthoylation gave the unsymmetrical piperazine
10b; 10b could also be easily resolved by chiral analytical HPLC.


An alternative approach was used in the preparation of the
racemic N-formyl piperazine 10c. Hence, treatment of the piper-
azine 4 with two equivalents of butyllithium, and one equivalent
of b-naphthoyl chloride, gave the monosubstituted piperazine 15
in 42% yield; formylation of 15 provided a racemic standard of the
N-formyl piperazine 10c which could also be resolved by analytical
chiral HPLC.


Desymmetrisation of centrosymmetric piperazines by catalytic
asymmetric acylation


The catalytic asymmetric acylation of amines is challenging
because the reactivity of the acylating agent needs to be tuned
such that it reacts more rapidly with the nucleophilic catalyst than
(unselectively) with the amine reactant. The only example of a non-
enzymatic catalytic enantioselective acylation of amines has been
described by Fu:12a a range of racemic amines have been kinetically
resolved using a chiral DMAP derivative in conjunction with
the O-methoxycarbonylated azlactone 19. Fu’s optimised system
involved the use of 10 mol% of the chiral catalyst in chloroform
at −50 ◦C, and selectivity factors in the range of S = 12–27 were
observed in the kinetic resolution of a series of substituted a-
methyl benzylamines.12a


The catalytic asymmetric acylation of the centrosymmetric
piperazine 4 was investigated using the chiral DMAP analogues12


(R)-16,13 (S)-1714 and (R)-18.15 In each experiment, the piperazine
4 was treated with the acylating agent 19 in chloroform in the pres-
ence of a catalytic quantity of DMAP analogue (Scheme 3); the
initial products were acylated with b-naphthoyl chloride, and the
ratio of the desymmetrised product 10a and the centrosymmetric
bis-amide 11 (derived from acylation of any unreacted starting
material) was determined by analytical HPLC. The enantiomeric
excess of the desymmetrised product 10a was determined by chiral
analytical HPLC. The conditions screened, and our results, are
summarised in Table 1.


In order to assess the likely intervention of the uncatalysed
pathway, the direct reaction between the piperazine 4 and the
acylating agent 19 was studied. The reaction between 4 and
19 in dichloromethane was complete within 5 minutes at room
temperature, suggesting that the background reaction was likely
to be significant under these conditions. In contrast, no reaction
between 4 and 19 was detected after 4 hours at −42 ◦C in
chloroform,§ and attention was, therefore, focused on catalysed
reactions under these conditions.


With 5 mol% DMAP, the acylating agent 19 was completely
consumed within 2 hours at −42 ◦C in chloroform. After b-
naphthoylation, yields of the desymmetrised product 10a and
the acylated starting material (11), determined by analytical
HPLC, were 25% and 40% respectively (entry 1, Table 1). We
were surprised to isolate a worse than statistical yield of the
desymmetrised product.


Our initial results with the chiral DMAP analogues (R)-16, (S)-
17 and (R)-18 are described in Table 1 (see entries 2a–b, 3a and 4a).
With 20 mol% of Fu’s catalyst, (R)-16, no reaction was observed
after 7 hours at −42 ◦C in chloroform (data not shown).¶ It was
clear that the catalyst (R)-16 was considerably less active than
DMAP, presumably because 2-substituents reduce the catalyst’s
nucleophilicity.16 At −18 ◦C, with the reagent added in three equal
batches 48 hours apart, the acylating agent 19 was completely
consumed after 7 days; after b-naphthoylation, the desymmetrised
product 10a was obtained in 25% isolated yield and 44% ee (entry
2a). The sense of enantioselectivity observed is unknown, and
the absolute configuration of the desymmetrised product is drawn
arbitrarily. At 0 ◦C, the reaction was considerably faster, though
less enantioselective: after 16 hours, with the acylating agent 19
added in two portions eight hours apart, the piperazine 10a was
obtained, after b-naphthoylation, in 23% isolated yield and 33% ee


§Under these conditions, all components of the reaction were completely
soluble at a reasonable (0.12 M) concentration of the reactants 4 and 19.
¶ In this experiment, the acylation agent 19 was added in two equal batches.
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Scheme 2


(entry 2b). Under these conditions, it is likely that the uncatalysed
pathway intervenes significantly.


Spivey’s catalyst (S)-17 and Vedejs’ catalyst (R)-18 were much
more active than Fu’s catalyst (R)-16. With both (S)-17 and (R)-
18, the acylating reagent 19 was consumed within a reasonable


timeframe at −42 ◦C. With 5 mol% (S)-17, the desymmetrised
product was obtained in rather low yield and 70% ee after 7 hours
and subsequent b-naphthoylation (entry 3a, Table 1); the sense
of enantioselectivity was the opposite to that observed with
(R)-16. The catalyst (R)-18 was rather less active than (S)-17 and,


Table 1 Desymmetrisation of the centrosymmetric piperazine 4 by catalytic enantioselective methoxycarbonylation (see Scheme 3)


10a 11


Entry Catalyst (mol%a) Eq. 4a Temp./◦C Time/h Yieldb (%) Eec Yieldb (%)


1 DMAP 1 −42 2 25 − 40
2a (R)-16 (20) 1 −18 164d 25e 44 39e


2b 1 0 16f 23e 33 37e


3a (S)-17 (5) 1 −42 7 20 −70 43
3b 10 −42 4 43g −26 h


4a (R)-18 (5) 1 −42 14 22 64 34
4b 10 −42 7 49g 23 h


a Relative to the reagent 19. b Unless otherwise stated, determined by analytical HPLC by calibration against external standards. c Determined by chiral
analytical HPLC; negative values indicate that the sense of asymmetric induction was reversed. d The reagent was added in three batches. e Yield of isolated
product obtained after flash column chromatography. f The reagent was added in two batches. g Yield based on the reagent 19. h Not detected.
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Scheme 3


under the same conditions, the reaction required 14 hours to reach
completion. After b-naphthoylation, the desymmetrised product
10a was obtained in similar enantiomeric excess (64% ee) though
the sense of asymmetric induction was reversed (entry 4a). The
yield (22%) of 10a was, however, disappointing.


‘Proof-reading’ in the catalytic asymmetric desymmetrisation
reaction


The low yields of the desymmetrised product 10a obtained with
the chiral catalysts 16–18 stemmed from further reaction of
the required product with the acylating agent (19) under the
conditions of the reaction (entries 2a–b, 3a and 4a). We reasoned


that this process may have increased the enantiomeric excess of
the desymmetrised product by the selective destruction (kinetic
resolution) of its minor enantiomer. This type of ‘proof reading’
effect, described in Scheme 4, has been previously recognised, for
example in the desymmetrisation of divinyl carbinols by Sharpless
asymmetric epoxidation.17


To investgate the possibility of a ‘proof reading’ effect, the
reactions catalysed by (S)-17 and (R)-18 were repeated using
ten equivalents of the centrosymmetric piperazine 4 relative to
the acylating agent 19. Under these conditions, it was expected
that the second acylation would be suppressed, and the gen-
uine enantioselectivity of the desymmetrisation step could be
determined. In each case, the desymmetrisation product 10a was


Scheme 4
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Table 2 Desymmetrisation of the centrosymmetric piperazine 4 by enantioselective acylation with the chiral reagents 21 and 22 (see Scheme 5)


4 Et3N 11 Monoacylated product


Entry Reagent Solvent Eq.a Eq.a Yieldb (%) Product Yieldb (%) Eec (%)


1 21 DMPU 1 — d 10b d 57
2a 21 DMF 1 — 41 10b 20 75
2b 21 DMF 2 — — 10b 48e 84
2c 21 DMF 10 — — 10b 87e 73
3a 21 DMF 1 3 37 10b 31 84
3b 21 DMF 2 10 — 10b 51e 81
4 22 CDCl3 1 — df 10c 66 28
5 22 DMSO-d6 1 — d 10c <10g 28
6 22 DMF 1 — d 10c d 35
7 22 Dioxane 1 — d 10c 48g −10


a Relative to the reagent 21 or 22. b Unless otherwise stated, isolated yield of purified compound. c Determined by chiral analytical HPLC; negative values
indicate that the sense of asymmetric induction was reversed. d Not determined. e Yield based on the reagent 19. f The yield of the diacylated product
23c, determined by 300 Hz 1H NMR spectroscopic analysis of the crude reaction mixture, was <10%. g Determined by 300 Hz 1H NMR spectroscopic
analysis of the crude reaction mixture.


obtained, after b-naphthoylation, in higher yield (based on the
reagent 19) but with reduced enantiomeric excess (compare entry
3b with entry 3a, and entry 4b with entry 4a). With both (S)-
17 and (R)-18, and one equivalent of the acylating agent 19,
enhancement of the enantiomeric excess of the desymmetrised
product did occur at the expense of yield. Unfortunately, the
‘proof reading’ effect was an inevitable consequence of the relative
rates of the two acylation steps: the experimenter is not, therefore,
able to choose an appropriate compromise between the yield and
enantiomeric excess of the product. However, with a cheap and
available centrosymmetric piperazine, such as 4, low (20–25%)
yields of desymmetrised products may be obtained with reasonable
enantiomeric excess.


Desymmetrisation of centrosymmetric piperazines with chiral
acylating reagents


We turned our attention to the use of chiral acylating reagents
for the desymmetrisation of the centrosymmetric piperazine 4.


We focused on the acetylation reagent18 21, and the formylating
reagent 22, prepared by formylation of the corresponding bis-
sulfonamide. Our results are summarised in Scheme 5 and Table 2.


Dipolar aprotic solvents, such as DMPU, DMF and HMPA,
have been previously shown to be most effective in the kinetic
resolution of chiral primary amines by acetylation with the reagent
21. We therefore studied the reaction of the centrosymmetric
piperazine 4 with one equivalent of the chiral acetylating agent 21
(entries 1 and 2a, Table 2). In DMPU, the desymmetrised product
10b was obtained, after b-naphthoylation, in extremely low yield
and 57% ee (entry 1). In DMF, the results were also disappointing,
and a 20% yield of 10b was obtained, albeit with 75% ee (entry 2a).


A comparison of the estimated19 pKa value of the deacetylated
bis-sulfonamide (pKa: 5.6 ± 0.4) with the estimated19 pKaH values
of the piperazine 4 (pKaH: 10.0 ± 0.6) and the monoacety-
lated product (pKaH: 8.1 ± 0.7) suggested that, as the reaction
proceeded, the concentration of the piperazine 4 was being
unnecessarily depleted by its selective protonation. Such an effect
would selectively reduce the rate of the first acetylation and, hence,


Scheme 5
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the yield of the required product. Addition of three equivalents
of triethylamine (pKaH: 10.65,20 10.6 ± 0.319) to the acetylation
reaction increased the yield of desymmetrised product to 31%,
suggesting that this effect was significant (compare entry 3a with
entry 2a, Table 1).


Nevertheless, the yield of the required product was still rather
low, and it was possible that the enantiomeric excess of the
products was being enhanced once more through an inevitable
‘proof reading’ mechanism. The desymmetrisation reaction was,
therefore, repeated with both two and ten equivalents of the
piperazine: in each case, the second acetylation reaction was
suppressed, and the yield of the desymmetrised product (relative to
the limiting reagent 21) increased dramatically (compare entries
2b and 2c with entry 2a, Table 2). However, in each case, the
enantiomeric excess of the desymmetrised product was similar to
that obtained with one equivalent of reagent. This observation
indicated that, although the yield of the product was less dimin-
ished by a competing, second acetylation, it is the first acetylation
that is enantioselective. ‘Proof reading’ does not, therefore, occur.
Increasing the number of equivalents of the piperazine 4, relative
to the acetylation reagent 21, does not, therefore, reduce the
enantiomeric excess of the required, desymmetrised product.
Indeed, with 10 equivalents of triethylamine and two equivalents of
the piperazine 4, relative to the acetylation reagent 21, a reasonable
yield (51% based on the limiting reagent) of the desymmetrised
product was obtained in 81% ee (entry 3b).


With the chiral formylating reagent 22, the nature of the solvent
had a profound effect on the distribution of products (entries 4–
7, Table 2). In deuterated chloroform, the major product was,
after b-naphthoylation, the required desymmetrised product 10c,
and only a trace of the disubstituted piperazine 23c was detected
(entry 4). In contrast, in the dipolar aprotic solvents DMSO-
d6 (entry 5) and DMF (entry 6), only small amounts of the
desymmetrised product were obtained, together with substantial
amounts of the diformylated product 23c. Under these conditions,
the second formylation step was much faster than the first. In
each case, the enantiomeric excess of the desymmetrised product
10c was determined by chiral analytical HPLC. Unfortunately,
disappointing enantiomeric excesses were observed, with a very
low, though reversed, sense of asymmetric induction in dioxane


(entry 7). Previously, the sense and magnitude of asymmetric
induction in the kinetic resolution of chiral primary amines with
the reagent 21 has been shown to be highly dependent on the
nature of the solvent used.18


Total synthesis of Dragmacidin A


The desymmetrisation of a centrosymmetric piperazine was ex-
ploited in a total synthesis of Dragmacidin A (3). The protected 6-
bromo tryptamine derivative21 24 was oxidized to yield the amino
ketone derivative 25, which was deprotected and condensed to
yield the pyrazine 26 (Scheme 6).6 SEM-protection (→27) and
diastereoselective reduction6 (90 : 10 trans–cis) gave the required
centrosymmetric piperazine 29.


A range of solvents were screened for the key desymmetrisation
step (see Scheme 7 and Table 3). Treatment of the centrosymmetric
piperzine 29 with the reagent 22 in chloroform gave the desym-
metrised product 30 in 61% yield (entry 1, Table 3); however,
although these conditions give good yield of the desymmetrised
product (compare entry 1, Table 3 with entry 4, Table 2), its
enantiomeric excess was very low. Of the other solvents screened
(entries 2–8, Table 3), the best result was obtained in dioxane:


Table 3 Desymmetrisation of the centrosymmetric piperazine 29 by
enantioselective formylation with the reagent 22 (see Scheme 7)


Product 30


Entry Solvent Yielda (%) Eeb (%)


1 CDCl3 61 −12
2 DMF 46 0
3 THF 70 19
4 Toluene 50c −13
5 Acetoned 24c 1
6 EtOAcd 31c 6
7 Cl3CCH2OH 62 −3
8 Dioxane 66 48


a Isolated yield of purified compound. b Determined by chiral analytical
HPLC; negative values indicate that the sense of asymmetric induction
was reversed. c The reaction did not reach completion. d The piperazine 29
was only sparingly soluble under the reaction conditions.


Scheme 6
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Scheme 7


under these conditions, the required desymmetrised product, 30,
was obtained in 66% yield and 48% ee (entry 8).


The enantiomerically enriched formamide 30 was converted into
Dragmacidin A (Scheme 7). Removal of the SEM groups with
TBAF, and reduction with borane, gave the N-methyl piperazine,
which was spectroscopically identical to the natural product.22 A
sample of Dragmacidin A, prepared by Jiang et al.,23 was reported
to have 96% ee and an optical rotation of +4.0 in chloroform.
The sample which we prepared had 48% ee and a rotation of
+5.9 (in chloroform) or +5.8 (in acetone). The piperazine 3 is
believed to have the same absolute configuration as that previously
prepared by Jiang,23 although the reasons for the discrepancy in
the magnitude of the optical rotation measurement are unclear.


Summary


The enantioselective desymmetrisation of centrosymmetric piper-
azines was investigated using both catalytic and stoichiometric
asymmetric approaches. The catalysts (S)-17 and (R)-18, devel-
oped by Spivey and Vedejs respectively, were used for the first
time in the enantioselective acylation of amines. In the catalytic
approach investigated, an inevitable ‘proof reading’ effect was
found to increase to enantiomeric excesses of the desymmetrised
products at the expense of yield.


The reaction of centrosymmetric piperazines with chiral acylat-
ing agents yielded the corresponding desymmetrised products. The
yield and enantioselectivity of the process was highly dependent on
the solvent used and the substitution of the piperazine. However,
in some cases, good yields of enantiomerically enriched products
could be obtained, particularly if the acylating agent was used
as the limiting reagent. The approach was applied in the total
synthesis of Dragmacidin A.


Experimental


General procedure for desymmetrisation of trans-2,5-dimethyl-
piperazine with chiral DMAP analogues and the reagent 19


A solution of the reagent12 19 (97 mg, 0.298 mmol) in chloroform
(0.5 mL) was added to a solution of trans-2,5-dimethylpiperazine
(32 mg, 0.284) and the chiral catalyst (0.014 mmol) in chloroform
(2.0 mL) at −42 ◦C. After complete consumption of the reagent
19 was observed by TLC, the reaction was warmed to 0 ◦C and
triethylamine (125 lL, 0.90 mmol) was added. A solution of 2-
naphthoyl chloride (125 mg, 0.66 mmol) in chloroform (1.0 mL)
was added and the mixture stirred for 30 min. Water (25 mL)
and dichloromethane (25 mL) were added, and the aqueous layer
separated and extracted with dichoromethane (2 × 25 mL). The
combined organic extracts were dried (MgSO4) and concentrated


under reduced pressure, a mixture of the piperazines 10a and 11
were separated from the residue by flash chromatography (gradient
elution 9 : 1 → 1 : 1 petrol–EtOAc). The yields of 10a and 11,
relative to an external standard, and the enantiomeric excess of 10a
were determined by chiral analytical HPLC (Chiralcel R© OD) mon-
itoring at k = 250 nm; eluting with 9 : 1 hexane–IPA, 1 mL min−1


over 60 min, then 3 : 2 hexane–IPA, 1 mL min−1 over 30 min; re-
tention times: 10a, 24.1 min and 32.5 min; 11, 68.4 min (see ESI†).


General procedure for desymmetrisation of
trans-2,5-dimethylpiperazine with the acetylating agent 21


A solution of the acetylating agent18 21 (120 mg, 0.286 mmol)
in dimethylformamide (0.75 mL) was added to a solution of the
trans-2,5-dimethylpiperazine (32 mg, 0.284 mmol) in dimethyl-
formamide (2.0 mL). After 40 hours, triethylamine (180 lL,
1.29 mmol) was added, followed by a solution of 2-naphthoyl
chloride (180 mg, 0.94 mmol) in dichloromethane (1.0 mL). The
mixture was stirred for 30 min, concentrated under reduced pres-
sure and the residue subjected to flash chromatography (gradient
elution 9 : 1 → 0 : 1 petrol–EtOAc to give the disubstituted
piperazine 11.


Also obtained was the substituted piperazine 10b, whose
enantiomeric excess was determined by chiral analytical HPLC
(Chiralcel R© OD) monitoring at k = 225 nm; eluting with 7 : 3
hexane–IPA, 1 mL min−1 over 40 min; retention times: 12.0 min
and 16.3 min (see ESI†).


General procedure for desymmetrisation of
trans-2,5-dimethylpiperazine with the formylating agent 22


The formylating agent 22 (75 mg, 0.125 mmol) was added to a
solution of the trans-2,5-dimethylpiperazine (13 mg, 0.114 mmol)
in a an appropriate solvent (2.0 mL). After 72 hours, sodium
hydrogen carbonate (30 mg, 0.35 mmol) was added, followed
by a solution of 2-naphthoyl chloride (48 mg, 0.25 mmol) in
dichloromethane (1.0 mL). The mixture was stirred for 30 min,
concentrated under reduced pressure and the residue subjected to
flash chromatography (gradient elution 9 : 1 → 0 : 1 petrol–EtOAc
to give the substituted piperazine 10c, whose enantiomeric excess
was determined by chiral analytical HPLC (Chiralcel R© OD–RH)
monitoring at k = 225 nm (gradient elution: 7 : 3 → 1 : 1 water–
MeCN), 1 mL min−1 over 40 min; retention times: 10.6 min and
12.6 min (see ESI†).


(2R,5S)-1-Formyl-2,5-bis[6-bromo-1′-(2′′-trimethyl-
silanylethoxymethyl) indol-3′-yl]piperazine 30


The formylating agent 22 (246 mg, 0.408 mmol) was added to a
solution of the piperazine 29 in dioxane (6.5 mL). After 16 days the
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mixture was concentrated under reduced pressure and subjected
to flash chromatography eluting with dichloromethane to remove
the disulfonamide (200 mg, 81%). The elution was continued
(gradient: 199 : 1 → 99 : 1 CH2Cl2–MeOH/NH3) to give the
formamide 30 (206 mg, 66%) as a pale yellow glass, Rf 0.60 (97 :
3 CH2Cl2–MeOH/NH3); [a]D +10.4 (c 1.0 in acetone); mmax/cm−1


(film) 2955, 2924, 2855, 1736 and 1658; dH (300 MHz; CDCl3)
7.97 (1H, s, CHO), 7.70 (1H, d, J 8.5, 4′-H), 7.69 (1H, d, J 1.5,
7′-H), 7.65 (1H, d, J 1.5, 7′-H), 7.50 (1H, d, J 8.5, 4′-H), 7.27 (4H,
m, 2′-H and 5′-H), 5.45 (2H, s, 1′-NCH2), 5.41 (2H, s, 1′-NCH2),
4.79 (1H, dd, J 9.5 and 3.2, 2-H), 4.59 (1H, dd, J 13.1 and 3.1,
6-HAHB), 4.24 (1H, dd, J 9.6 and 3.1, 5-H), 3.48 (5H, m, 2 × 1′′-H
and 3-HAHB), 3.32 (1H, dd, J 11.9 and 3.2, 3-HAHB), 3.18 (1H,
dd, J 13.1 and 9.6, 6-HAHB), 0.91 (2H, t, J 8.1, 2′′-H), 0.91 (2H,
t, J 8.1, 2′′-H) and −0.03 (18H, s, SiMe3); dC (75 MHz; CDCl3)
161.4, 137.7, 137.6, 127.6, 126.2, 126.1, 125.9, 124.2, 123.4, 121.0,
120.9, 116.9, 116.3, 115.8, 114.4, 113.4, 110.3, 75.8, 75.8, 66.3,
66.1, 53.9, 52.4, 51.3, 46.4, 17.7, 17.7, −1.42 and −1.42; m/z (CI)
765 (4%, MH+), 763 (5), 761 (3), 647 (57), 645 (100), 643 (53), 567
(60), 565 (53) and 487 (48); m/z (ES) (Found: (M–C5H13OSi)+,
643.0728; C28H33N4O2BrSi requires 643.0734). The sample was
shown to have 48% ee by chiral analytical HPLC (Chiralcel R© OD–
RH) monitoring at k = 225 nm (gradient elution: 23 : 77 → 1 : 4
water–MeCN), 1 mL min−1 over 30 min; retention times: 23.7 min
and 26.7 min (see ESI†).


(2R,5S)-1-Formyl-2,5-bis[6-bromoindol-3′-yl]piperazine


Tetrabutylammonium fluoride (2.62 mL, 1 M solution in tetrahy-
drofuran, 2.62 mmol), was added to a stirred mixture of the
formamide 30 (100 mg, 0.131 mmol) and ground 4 Å molecular
sieves in tetrahydrofuran (2 mL). The reaction mixture was heated
at reflux for 6 hours, cooled, filtered, diluted with acetone (10 mL),
water (10 mL) and ethyl acetate (20 mL). The mixture was washed
with water (3 × 10 mL) and the combined aqueous washes were
washed with ethyl acetate (15 mL). The combined organics were
dried (MgSO4) and concentrated under reduced pressure to give
a crude product which was purified by flash chromatography
(gradient elution: 49 : 1 → 24 : 1 CH2Cl2–MeOH/NH3) to give the
title compound (46 mg, 70%) as a pale yellow glass, Rf 0.31 (23 :
2 CH2Cl2–MeOH/NH3); [a]D +12.8 (c 1.0 in acetone); mmax/cm−1


(film) 3273, 2916, 1696 and 1642; dH (500 MHz; acetone-d6) 10.57
(1H, br s, 1′-NH), 10.26 (1H, br s, 1′-NH), 7.78 (1H, s, COH),
7.65 (1H, d, J 8.5, 4′-H), 7.55 (1H, d, J 1.3, 7′-H), 7.51 (1H, d, J
8.5, 4′-H), 7.48 (1H, d, J 1.3, 7′-H), 7.45 (1H, s, 2′-H), 7.28 (1H, s,
2′-H), 7.09 (1H, dd, J 8.5 and 1.3, 5′-H), 7.03 (1H, dd, J 8.5 and
1.3, 5′-H), 4.74 (1H, dd, J 10.1 and 3.0, 2-H), 4.35 (1H, dd, J 12.7
and 3.0, 6-HAHB), 4.09 (1H, dd, J 9.6 and 3.0, 5-H), 3.33 (1H, dd,
J 11.7 and 10.1, 3-HAHB), 3.15 (1H, dd, J 11.7 and 3.0, 3-HAHB),
3.04 (1H, dd, J 12.7 and 9.6, 6-HAHB); dC (75 MHz; acetone-d6)
161.8, 139.2, 139.0, 126.9, 126.8, 124.6, 123.9, 123.0, 122.4, 122.1,
117.4, 117.4, 116.4, 116.0, 115.8, 115.6, 111.6, 55.1, 53.8, 52.6 and
47.6; m/z (ES) 505 (54%, MH+), 505 (100) and 503 (50); m/z (ES)
(Found: MH+, 502.9908; C21H19N4OBr2 requires MH, 502.9905).


(2R,5S)-1-Methyl-2,5-bis[6-bromoindol-3′-yl]piperazine 3,
Dragmacidin A22,23


Borane–tetrahydrofuran complex (239 lL, 1 M solution in
tetrahydrofuran, 0.239 mmol) was added to a stirred solution of


(2R,5S)-1-formyl-2,5-bis[6-bromoindol-3′-yl]piperazine (40 mg,
0.0796 mmol) in tetrahydrofuran (4 mL). The reaction mixture
was heated at reflux for 2 hours, cooled, quenched with methanol
(10 mL), diluted with water (10 mL) and extracted with ethyl
acetate (3 × 20 mL). The combined organic extracts were dried
(MgSO4) and concentrated under reduced pressure to give a crude
product which was purified by flash chromatography (gradient
elution: 49 : 1 → 24 : 1 CH2Cl2–MeOH/NH3) to give Dragmacidin
A 3 (20 mg, 51%) as a pale yellow glass, Rf 0.56 (23 : 2 CH2Cl2–
MeOH/NH3); [a]D +5.8 (c 1.0 in acetone), +5.9 (c 0.20 in CHCl3)
[lit.23 +4.0 (c 0.20 in CHCl3)]; mmax/cm−1 (film) 3413, 2849, 1695,
1615, 1543 and 1454; dH (500 MHz; acetone-d6) 10.29 (2H, br s,
1′-NH), 7.91 (1H, d, J 8.5, 4′-H), 7.80 (1H, d, J 8.5, 4′-H), 7.60
(2H, s, 7′-H), 7.37 (1H, d, J 1.9 2′-H), 7.33 (1H, d, J 2.1 2′-H),
7.16 (2H, d, J 8.5, 5′-H), 4.40 (1H, dd, J 10.4 and 2.6, 5-H), 3.36
(1H, dd, J 10.4 and 3.0, 2-H), 3.27 (1H, dd, J 11.7 and 10.4, 3-
HAHB), 3.16 (1H, dd, J 11.0 and 2.6, 6-HAHB), 3.06 (1H, dd, J
11.7 and 3.0, 3-HAHB), 2.34 (1H, dd, J 11.0 and 10.4, 6-HAHB);
dC (75 MHz; acetone-d6) 139.1, 139.0, 126.9, 125.3, 125.1, 124.1,
123.9, 123.1, 122.8, 122.5, 119.1, 117.6, 115.7, 115.6, 115.5, 115.4,
64.9, 63.7, 55.1, 54.8 and 44.7; m/z (CI) 491 (50%, MH+), 489
(100), 477 (57), 411 (52) and 409 (60); m/z (ES) (Found: MH+,
487.0129; C21H20N4Br2 requires MH, 487.0127).
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We describe a large scale synthesis of secramine A. Consistent with its ability to inhibit activation of the
small GTPase Cdc42, we find that secramine A inhibits cell spreading, a process previously shown to be
Cdc42-dependent.


Introduction


The synthesis and phenotypic screening of natural product-like
libraries has emerged as a promising approach to reagent and
drug discovery.1 This strategy led to the discovery of secramine2


(later renamed secramine A3) (1), a synthetic analog of galan-
thamine that inhibits some forms of membrane traffic out of the
Golgi apparatus. Secramine A emerged from a library of ∼2500
compounds that were synthesized by mimicking the biosynthesis
of galanthamine on a solid support.2 Recently, Kirchhausen, Shair
and coworkers reported that secramine A inhibits activation of the
Rho GTPase Cdc42, a protein involved in membrane traffic, by
a mechanism dependent upon the guanine dissociation inhibitor
RhoGDI.3 RhoGDI1 shuttles Cdc42 between the cytosol and in-
tracellular membranes.4 Through precise subcellular localization
and the binding and hydrolysis of GTP, Cdc42 contributes to
numerous cellular processes, including polarization, migration and
spreading.5 Many of these events stem from the ability of Cdc42
to regulate actin polymerization and in vitro, secramine A inhibits
Cdc42-dependent actin polymerization.3 As shown in Scheme 1,
the most salient features in the synthesis of 1 are the bis-cyclization
of intermediate B, followed by a Mitsunobu reaction to give A,
which then undergoes a conjugate addition and hydroxylamine
formation. Intermediate B was prepared by reductive amination
of the tyrosine derivative 3 with substituted benzaldehyde 2. In
view of its distinctive biological activity, we sought a synthesis
protocol to generate large amounts of biological active secramine
A by improving the low-yielding, small-scale (<50 mg) synthesis
of the original procedure (3.8% yield from 4).


Here we report a scaled-up synthesis of secramine A, including
some attempted variations to our synthetic route and the ability
of secramine A to inhibit cell spreading.


Results and discussion


Our synthesis strategy maintained the biomimetic approach used
in the initial secramine A synthesis, but focused on improved
purification, reduction of chromatographic steps and altering the
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Scheme 1 Retrosynthesis of secramine A (1).


synthetic route towards an early stage intermediate. First we
optimized the synthesis of precursors 2 and 3.


Because both precursors are polar compounds, we minimized
chromatography in the preliminary stages. We obtained aldehyde
2 by recrystallization from methanol in 75% overall yield (3 steps)
from 4-bromo-3,5-dihydroxybenzoic acid (4) without the use of
chromatography (Scheme 2). Similarly, we prepared amine 3 in five
successive steps before purification by column chromatography in
40% overall yield (Scheme 3). Both compounds 2 and 3 have been
synthesized in ∼20 g scale.


Scheme 2 Synthesis of bisallyloxy-4-bromobenzaldehyde (2). Reagents
and conditions: (i) allyl bromide K2CO3, DMF, rt, overnight; (ii) LAH,
ether, 0 ◦C, 2 h; (iii) PCC, CH2Cl2, rt, 3 h. Overall yield: 75% from 4.


With substantial amounts of 2 and 3 in hand, the successive steps
in the synthesis of secramine A were based on small modifications
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Scheme 3 Synthesis of 4-[(S)-2-amino-3-(triisopropylsilanoxyl)propyl]-
phenol (3). Reagents and conditions: (i) allyl chloroformate, i-Pr2NEt,
THF–CH2Cl2 2 : 1, 0 ◦C, 2 h; (ii) allyl bromide, K2CO3, DMF, rt, overnight;
(iii) LiCl, NaBH4, THF–EtOH, rt, overnight; (iv) TIPSOTf, i-Pr2NEt,
CH2Cl2, 0 C, 2 h; (v) Pd(PPh3)4, morpholine, THF, 47 ◦C, overnight.


of the published procedure.2 This new synthesis produced 1
(800 mg) in 9.0% overall yield from 4 as a 1 : 1.6 mixture of
oxime isomers (Scheme 4).


Having accomplished a practical synthesis of 1, we explored
other synthetic approaches that could bypass or reduce the number
of protection–deprotection steps. Accordingly, we first investigated
the use of commercially available D-tyrosinol. The reductive
amination of tyrosinol with aldehyde 2 proceeded efficiently,
but the resulting unprotected vicinal amino alcohol 19 did not
undergo the desired oxidative intramolecular phenolic coupling
and gave a complex mixture of compounds (Scheme 5). The
amine and alcohol moieties of 19 likely act as nucleophiles (intra-
or intermolecular) leading to a mixture of products. Also, these
moieties may subsequently react with the presumed spirodienone
intermediate, leading to undesired heterocyles.


The vicinal aminoalcohol group of 19 was then protected as
an oxazolidine (compounds 20–22, Scheme 6). In each case,


Scheme 5 Attempted oxidative intramolecular phenolic coupling of
19. Reagents and conditions: (i) NaBH3CN, MEOH, NEt3, 0 ◦C to rt,
overnight, (ii) PhI(OAc)2, HFIPA, 0 ◦C, 3 h.


however, the oxidative intramolecular phenolic coupling reaction
of compounds 20, 21 and 22 still furnished intractable mixtures.
In the original hypervalent iodine-mediated intramolecular phe-
nolic coupling reaction, the amino group was protected as its
corresponding amide or carbamate.2,6 We therefore attempted
to protect the vicinal amino alcohol as a cyclic carbamate.
The reaction of diphenyl carbonate with amino alcohol 19
produced cyclic carbamate 23 in high yield (Scheme 7), and the
next successive steps—oxidative intramolecular phenolic coupling
reaction, deprotection, Mitsunobu and condensation reactions—
proceeded efficiently to yield the cyclic carbamate protected
secramine 28 (Scheme 7). However, deprotection of 28 using
Katz’s method (ethylenediamine–THF)5 at rt failed. Increasing
the temperature led to a complex reaction mixture. We then


Scheme 4 Synthesis of secramine A (1). Reagents and conditions: (i) NaBH3CN, MeOH, AcOH, 0 ◦C to rt overnight; (ii) allyl chloroformate, 2,6-lutidine,
CH2Cl2, 0 ◦C to rt, 8 h; (iii) PhI(OAc)2, HFPIA, 0 ◦C, 3 h; (iv) Pd(PPh3)4, morpholine, THF, rt, overnight; (v) cyclopropyl methanol, PPh3, DIAD or
DEAD, THF, 0 ◦C, 2 h; (vi) 2,6-lutidine, THF, 0 ◦C for 15 min, then n-BuLi, 0 ◦C to rt, 1 h; (vii) 2,6-lutidine, CH2Cl2, rt, 1 h; (viii) HF–pyridine, THF,
rt, 2 h.
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Scheme 6 Protection of 19 as its oxazolidine. Reagents and condi-
tions: for 20–21: (i) RCHO, MS 4 Å, CH2Cl2, rt, overnight; for 22:
(ii) dimethoxypropane, reflux, 2 d.


opted for the deprotection of the cyclic carbamate at an earlier
stage (using compounds 25, 26 and 27).7 Katz’s method8 or more
vigorous conditions (KOH–EtOH–reflux)9 led to either recovery
of starting material or complex reaction products and therefore
we abandoned this strategy.


Our synthesis of TIPS-protected tyrosinol 3 (Scheme 3) needed
five steps because of the number of protection–deprotection
steps employed. If this number of steps could be reduced, then
the synthesis of 1 would be greatly simplified. Collington and
coworkers10 have reported the selective deprotection of alcoholic
and phenolic silyl ethers. Following their protocol, we protected
both the alcohol and phenol using an excess of TIPSOTf in 55%
yield (Scheme 8).


Selective deprotection conditions (1 eq. TBAF–THF) cleaved
the TIPS group on the phenol group and compound 3 was the
only product isolated. Its 1H and 13C data matched those recorded
for the same compound using the sequence shown in Scheme 3.


Further proof of the success of this approach was an NMR
experiment in which NaOH was added to a solution of 3 in CDCl3.


Scheme 8 Synthesis of 3 by a protection and deprotection sequence.
Reagents and conditions: (i) TIPSOTf (1 eq.), Et3N, CH2Cl2, 0 ◦C to rt,
24 h; (ii) TIPSOTf (2 eq.), Et3N, CH2Cl2, 0 C to rt, 24 h; (iii) TIPSOTf
(3 eq.), Et3N, CH2Cl2, 0 ◦C to rt, 24 h; (iv) TBAF (1 eq.), −78 ◦C to rt,
THF, 1 h.


A significant upfield shift of the aromatic proton took place,
indicating that the deprotection had taken place on the phenol
TIPS group. Hence, using this strategy, the synthesis of 3 was
carried out in one (Scheme 8, top) or two simple steps (Scheme 8,
bottom). Following our synthesis of secramine A, we tested its
biological activity. As expected, secramine A inhibited the Golgi
apparatus to plasma membrane transport of VSVGts-EGFP in
monkey kidney epithelial (BS–C-1) cells as previously described3


(data not shown). We subsequently tested whether secramine A
inhibited cell spreading. In culture, at a low density of plating, BS–
C-1 cells spread out to a flattened, fried-egg shaped morphology
within 35 min of plating (Fig. 1a, vehicle panels). This spreading
is thought to be mediated by integrins, a family of transmem-
brane proteins that form contacts with the extracellular matrix


Scheme 7 The synthesis of 28, a carbamate protected derivative of secramine A (1). Reagents and conditions: (i) (PhO)2CO, CH3CN, 60 ◦C, 18 h;
(ii) PhI(OAc)2, morpholine, THF, rt, overnight; (iv) cyclopropyl methanol, PPh3, DIAD or DEAD, THF, 0 ◦C, 2 h; (v) 2,6-lutidine, THF, 0 ◦C for 15 min,
then n-BuLi, 0 ◦C to rt, 1 h; (vi) 2,6-lutidine, CH2Cl2, rt, 1 h.
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Fig. 1 Effect of secramine A on cell spreading. 1 h after trypsinization, BS–C-1 cells were mixed with vehicle (1% DMSO) or secramine A (1) and
allowed to adhere and spread on plastic. The cells were visualized live by phase contrast microscopy (20× magnification) at regular intervals and scored
as fully spread, partially spread, or round. (A) Representative images of the same cells at 13 and 35 min after deposition on plastic. Bar is 20 lm. The
shapes of the cells were designated as previously described:11 round indicates that they did no spread; partially spread indicates some thinning of the
outer boundaries of the cells and fully spread corresponds to cells with a clear fried-egg shaped morphology. White arrowhead indicates a cell scored as
round and the black arrowhead indicates the same cell scored as fully spread. The gray arrowhead indicates another cell that was scored as a partially
spread cell. (B) Quantification of cell morphology at 35 min. Values are means ± SD from two independent experiments in which >20 cells were scored
per condition. (C) Representative time course for cell spreading. (D) Representative time course for cell spreading upon washout of secramine A (1) at
30 min.


to regulate adhesion and subsequent morphological changes.
Integrins were shown to mediate cell spreading through activation
of the Rho GTPases Rac and Cdc42.11 Rac and Cdc42 regulate
the formation of distinct actin-dependent structures through the
binding and hydrolysis of GTP. Introduction of an activated
form of Cdc42 (a mutant unable to hydrolyze GTP) into cells
stimulates the extension of long, thin membrane projections called
filopodia.12 In contrast, introduction of an activated form of
Rac (a mutant unable to hydrolyze GTP) into cells stimulates
the extension of thin, broad membrane sheets called lamelipodia
and ruffles.12 Overexpression of dominant negative mutants of
either Cdc42 or Rac (mutants unable to bind to GTP) caused
a marked inhibition of cell spreading.11 Indeed, incubation with
secramine A inhibited cell spreading. BS–C-1 cells were dispensed
onto plastic surfaces, adhered and spread; secramine A inhibited
this cell spreading process (see the Experimental section) (Fig. 1).


The cells were imaged periodically and designated as round, par-
tially spread and fully spread as previously described11 (Fig. 1a).
As indicated in Fig. 1b, vehicle-treated cells fully spread to greater
than 70% in 35 min, whereas greater than 50% remained round
in the presence of secramine A. This cell spreading process was
reversible upon washout of secramine A at 30 min (Fig. 1c, d).


Conclusions


In summary, we have developed a synthetic sequence using
reaction conditions amenable to a scaled-up synthesis of secramine


A, which can also be applied to other analogs. Furthermore,
selective deprotection of the TIPS group further shortens the
synthesis. Secramine A made with the improved synthesis is
bioactive and was used to provide a complementary approach
to corroborate the importance of Rho GTPase activation in cell
spreading.


Experimental


General


NMR spectra were recorded on Varian Inova 500 (500 MHz) in-
struments. 1H and 13C spectra were recorded at 500 and 126 MHz,
respectively, using CDCl3 as a solvent. The chemical shifts are re-
ported in d (ppm) values relative to CHCl3 (7.26 ppm for 1H NMR
and 77.0 ppm for 13C NMR). Coupling constants are reported in
hertz (Hz). All air and/or moisture sensitive reactions were carried
out under an argon atmosphere. Dry solvents (tetrahydrofuran,
ether, CH2Cl2 and DMF) were purchased from Aldrich and were
additionally purified on PureSolv PS-400-4 purification system
(Innovative Technology, Inc.). All other reagents and solvents
were employed without further purification. The products were
purified by Biotage FLASH+ system or Chromatotron (thin layer
chromatograph system). TLC was developed on Merck silica gel
60 F254 aluminum sheets.


3,5-Bisallyloxy-4-bromobenzoic acid allyl ester (5). To a solu-
tion of 4-bromo-3,5-dihydroxybenzoic acid 4 (20.5 g, 87.5 mmol)
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in DMF 120 mL at rt was added solid K2CO3 (60.5 g, 438 mmol)
during stirring. To the suspension was added allylbromide (30 mL,
358 mmol) dropwise over 40 min, then the reaction mixture was
stirred for another 18 h at rt, then the reaction mixture was poured
into water (500 mL), after stirring for 30 min, the water layer was
decanted and the solid was filtered and washed with water, then the
residue solid was dissolved in ether (200 mL), dried over Na2SO4,
condensation of the solvent gave the crude ester 5 (30 g). The crude
ester was used without further purification. 1H NMR (500 MHz,
CDCl3): d 7.24 (s, 2H), 6.12–5.98 (m, 3H), 5.51 (dd, J = 17.6,
1.6 Hz, 2H), 5.40 (dd, J = 17.2, 1.2 Hz, 2H), 5.32 (dd, J = 10.2,
1.2 Hz, 2H), 5.30 (dd, J = 17.6, 1.6 Hz, 2H), 4.81 (d, J = 6.0 Hz,
2H), 4.66 (d, J = 3.4 Hz, 4H).13


(3,5-Bisallyloxy-4-bromophenyl)methanol (6). Lithium alu-
minium hydride (7 g, 175 mmol) was added to anhydrous ether
(150 mL) slowly, the mixture was cooled to 0 ◦C, under stirring
the solution of the above crude ester 5 (30 g, ca. 87 mmol) which
was dissolved in anhydrous THF (150 mL) was added slowly,
after completion of addition, the reaction mixture was allowed
to warm to rt, then the reaction mixture was stirred for 4 h at
rt, then saturated aqueous potassium sodium tartrate was added
dropwise until bubbling ceased (25 ml, over 30 min), then the
mixture was stirred overnight, filtered, the solid was washed with
ether (150 mL), the combined organic phase was washed with
water and brine, dried over Na2SO4, distillation of the solvent in
vacuum gave the crude alcohol 6 (26 g). 1H NMR (500 MHz,
CDCl3): d 6.65 (s, 2H), 6.10–6.00 (m, 2H), 5.48 (dd, J = 17.4,
1.6 Hz, 2H), 5.29 (dd, J = 10.6, 1.6 Hz, 2H), 4.62 (s, 2H), 4.60 (d,
J = 5.2 Hz, 4H).13


Bisallyloxy-4-bromobenzaldehyde (2). To a suspension of pyri-
dinium chlorochromate (34.7 g, 161 mmol) and celite (34.7 g) and
sodium acetate hydrate (5.44 g, 40 mmol) in CH2Cl2 (300 mL)
at 0 ◦C, the solution of crude alcohol 6 (26 g, ca. 87 mmol) in
CH2Cl2 (120 mL) was added slowly. After completion, the reaction
mixture was stirred for another 2 h at 0 ◦C. Then hexane (300 mL)
was added, stirred for 30 min at rt, filtered, the solid was washed
by CH2Cl2, the combined organic solution was distilled off, the
residue was recrystallized from hot methanol (50 mL) to give 19.5 g
pure aldehyde 2 (75%, 3 steps). 1H NMR (500 MHz, CDCl3): d
9.88 (s, 1H), 7.02 (s, 2H), 6.18–6.02 (m, 2H), 5.50 (dd, J = 17.4,
2.0 Hz, 2H), 5.33 (dd, J = 10.6, 1.2 Hz, 2H), 4.70 (ddd, J = 5.2,
1.6, 1.6 Hz, 4H).13


(S)-2-Allyoxycarbonylamino-3-(4-hydroxyphenyl)propionic acid
methyl ester (8). To a solution of L-tyrosine methyl ester 7 (23.0 g,
99.3 mmol) in THF (100 mL) and CH2Cl2 (100 mL) at rt was added
diisopropylethylamine (50 mL) during stirring. The solution was
cooled to 0 ◦C (some solid formed when the solution was cooled
to 0 ◦C) and allylchoroformate (11.97 g, 99.3 mmol), was added
dropwise. The reaction mixture was stirred at 0 ◦C for 2 h, after that
saturated ammonium chloride solution (100 mL) was added, then
most solvent was removed under reduced pressure. The aqueous
suspension was extracted by EtOAc (2 × 200 mL), the organic layer
was combined and was washed first by water and then by brine,
and then dried by Na2SO4, condensation of the solvent gave the
crude product 30 g. The crude product was used without further
purification. 1H NMR (500 MHz, CDCl3): d 6.95 ( (d, J = 7.9 Hz,
2H), 6.71 (d, J = 8.0 Hz, 2H), 5.92–5.83 (m, 1H), 5.30–5.18 (m,


4H), 4.65–4.60 (m, 1H), 4.53 (d, J = 5.2 Hz, 2H), 3.71 (s, 3H),
3.04–3.00 (m, 2H).13


(S)-2-Allyoxycarbonylamino-3-(4-allyloxyphenyl)propionic acid
methyl ester (9). To a solution of crude 8 (30.0 g, ca. 107 mmol)
in DMF (170 mL) at rt was added solid K2CO3 (29.6 g, 214 mmol)
then allylbromide (10.2 mL, 116 mmol) was added dropwise. The
suspension was stirred overnight at rt; the reaction mixture was
poured into water (500 mL) under stirring and then extracted with
a mixture of EtOAc (300 mL) and hexane (100 mL). The organic
layer was combined and washed first by water and then by brine,
and then dried with Na2SO4. Condensation of the solvent gave the
crude product 30 g. The crude product was used without further
purification. 1H NMR (500 MHz, CDCl3): d 7.00 ((d, J = 8.4 Hz,
2H), 6.79 (d, J = 8.8 Hz, 2H), 5.99–5.86 (m, 1H), 5.85–5.80 (m,
1H), 5.44 (d, J = 8.0 Hz, 1H), 5.36 (dd, J = 17.4, 1.2 Hz, 1H),
4.56 (dd, J = 14.2, 6.0 Hz, 1H), 4.51 (d, J = 5.6, 2H), 4.45 (d, J =
5.2 Hz, 2H), 3.66 (s, 3H), 3.03 (dd, J = 14.4, 5.2 Hz, 1H), 2.96 (dd,
J = 14.0, 6.4 Hz, 1H).13


[(S)-2-(4-Allyloxyphenyl)-1-hydroxymethylethyl]carbamic acid
allyl ester (10). To a solution of crude 9 (30.0 g, ca. 94 mmol) in
THF (170 mL) at rt was added solid LiCl (7.95 g, 94 mmol), sodium
borohydride (7.18 g, 188 mmol) and then ethanol (200 mL).
The suspension was stirred overnight at rt and then saturated
ammonium chloride (100 mL) was added. Most of the solvent
was removed in reduced pressure, the residue was extracted EtOAc
(2 × 150 mL), the organic layer was combined and washed first by
water and then by brine, and then dried by Na2SO4. Condensation
of solvent gave the crude product (30 g). The crude product was
used without further purification. 1H NMR (500 MHz, CDCl3) d
7.11 (d, J = 8.8 Hz, 2H), 6.85 (d, J = 8.8 Hz, 2H), 6.09–6.00 (m,
1H), 5.92–5.84 (m, 1H), 5.40 (dd, J = 15.6, 2.0 Hz, 1H), 5.28 (dd,
J = 10.4, 1.2 Hz, 1H), 5.27 (dd, J = 17.2, 1.6 Hz, 1H), 5.20 (dd,
J = 10.0, 1.6, 1H), 4.97 (d, J = 7.2 Hz, 1H), 4.54–4.50 (m, 4H),
3.89–3.86 (m, 1H), 3.68–3.65 (b, 1H), 3.57 (b, 1H), 2.80 (d, J =
7.2 Hz, 2H), 2.29 (br-s, 1H).13


[(S)-2-(4-Allyloxybenzyl)-2-(triisopropylsilanyl)ethyl]carbamic
acid allyl ester (11). To a solution of crude 10 (7.07 g, ca.
24.3 mmol) in CH2Cl2 (100 mL) at 0 ◦C was added diisopropy-
lethylamine 9.43 g (29.2 mmol) and triisopropylsilyltriflate 8.94 g
(29.2 mmol) dropwise with stirring. The reaction mixture was
stirred at 0 ◦C for 2 h and then warmed to rt, then saturated
ammonium chloride (80 mL) was added, the aqueous suspension
was extracted by EtOAc (2 × 200 mL), the organic layer was
combined and washed first by water and then by brine, and
then dried by Na2SO4. Condensation gave crude 11 (11 g). The
crude product was used without further purification. 1H NMR
(500 MHz, CDCl3): d 7.11 (d, J = 8.0 Hz, 2H), 6.82 (d, J =
8.0 Hz, 2H), 6.08–6.00 (m, 1H), 5.92–5.82 (m, 1H), 5.39 (dd, J =
17.2, 1.6 Hz, 1H), 5.27–5.22 (m, 2H), 5.17 (dd, J = 10.0, 0.8 Hz,
1H), 4.95 (d, J = 8.4 Hz, 1H), 4.52–4.48 (m, 4H), 3.80 (br s, 1H),
3.60 (d, J = 3.6 Hz, 2H), 2.81 (d, J = 7.2 Hz, 2H), 1.10–1.00 (m,
21H).13


4-[(S)-2-Amino-3-(triisopropylsilanoxyl)propyl]phenol (3). To
a solution of crude 11 (10.8 g, 24.3 mmol) in THF 100 mL
at rt was added morpholine 20 mL, then tetrakis(triphenyl-
phosphine)palladium(0) (280 mg, 0.24 mmol) in the dark. The
solution was warmed to 47 ◦C and then stirred overnight.
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Condensation of the solvent gave the crude product. Purification
by flash chromatography (30% EtOAc–hexane to 100% EtOAc)
afforded 3 (3.05 g, 40% overall yield from 7). 1H NMR (500 MHz,
CDCl3): d 7.01 (d, J = 8.0 Hz, 2H), 6.71 (d, J = 8.0 Hz, 2H), 4.50
(br s, 2H), 3.75 (dd, J = 10.0, 4.0 Hz, 1H), 3.61 (dd, J = 10.0,
7.0 Hz, 1H), 3.19 (br s, 1H), 2.79 (dd, J = 13.3, 6.0 Hz, 1H), 2.64
(dd, J = 13.8, 7.5 Hz, 1H), 1.14–1.01 (m, 21H).13


4-[(S)-2-(3,5-Bisallyloxy-4-bromobenzylamino)-3-(triisopropyl-
silanyloxy)propyl]phenol (12). A solution of 3 (3.49 g,
10.79 mmol) and aldehyde 2 (3.20 g, 10.79 mmol) was cooled
to 0 ◦C, then acetic acid (7.5 mL) was added, then a solution of
NaBH3CN 0.745 g (11.8 mmol, 1.1 eq.) in methanol (50 mL) was
added dropwise. After addition, the reaction mixture warmed to
rt and stirred overnight. Then Et3N (10 mL) was added, most
of the solvent was removed under reduced pressure and brine
(100 mL) and saturated NaHCO3 (30 mL) were added. The
mixture was extracted by EtOAc (150 mL × 2). The organic
layers were combined and dried over Na2SO4. Purification by flash
chromatography (10–40% EtOAc–hexane) afforded 12 (5.29 g,
82%). 1H NMR (500 MHz, CDCl3): d 6.98 (d, J = 8.0 Hz, 2H),
6.69 (d, J = 8.0 Hz, 2H), 6.45 (s, 2H), 6.09–5.99 (m, 2H), 5.46 (dd,
J = 17.3, 1.5 Hz, 2H), 5.27 (dd, J = 11.0, 1.5 Hz, 2H), 4.49 (d,
J = 5.0 Hz, 4H), 3.80 (d, J = 13.0 Hz, 1H), 3.75 (d, J = 13.5,
1H), 3.68–3.61 (m, 2H), 2.93–2.88 (m, 1H), 2.76–2.67 (m, 2H),
1.05–1.00 (m, 21H).13


(3,5-Bisallyloxy-4-bromobenzyl)-[(S)-2-(4-hydroxyphenyl)-1-
(triisopropylsilanyloxymethyl)ethyl]carbamic acid allyl ester (13).
To a solution of 12 (5.20 g, 8.62 mmol) in THF 150 mL at 0 ◦C was
added 2,6-lutidine (1.38 g, 8.62 mmol), then allylchloroformate
(1.25 g, 10.34 mmol) and warmed to rt. After 8 h, saturated
aqueous NH4Cl (100 mL) was added, THF was removed under
reduced pressure, and the aqueous suspension was extracted with
EtOAc. The organics were combined, dried over Na2SO4, filtered,
and concentrated. Purification by flash chromatography (10–30%
EtOAc in hexane) afforded 13 as a white solid (3.46 g, 58%); The rt
1H NMR was complex due to presence of amide group, 1H NMR
(400 MHz, (CD3)2SO, 80 ◦C) d 8.90 (s, 1H), 6.88 (d, J = 8, 2H),
6.639 (d, J = 8.4, 2H) 6.55 (s, 2H), 6.05–5.97 (m, 2H), 5.96–5.83
(m, 1H), 5.41 (dd, J = 19.2, 1.4 Hz, 2H), 5.24 (dd, J = 11.2, 1.4 Hz
2H), 5.22–5.13 (m, 2H), 4.52 (br s, 6H), 4.37 (d, J = 16 Hz, 1H),
4.23 (d, J = 16.4 Hz, 1H), 4.12 (br s, 1H), 3.70 (m, 2H), 2.77 (dd,
J = 18.4, 13.6 Hz, 2H), 1.30–0.81 (m, 21H).13


Spiro-[5H-2-benzazepine-5,1′-[2,5]cyclohexadiene]-2(1H) carb-
oxylic acid, 7-bromo-3,4-dihydro-3-(triisopropylsilanyloxymethyl)-
4′-oxo-6,8-bis(2-propenyloxy)-, 2-propenyl ester [(3S)-14]. Com-
pound 13 (3.46 g, 5.03 mmol) was dissolved in the HFIPA (12 mL)
and cooled to 0 ◦C. Then PhI(OAc)2 (1.95 g, 6.04 mmol) dissolved
in CH2Cl2 (12 mL) was added and the reaction mixture was stirred
for 3 h. Then the reaction was quenched by NaHCO3 solution,
extracted by EtOAc, and the organic layer was dried over Na2SO4.
Flash chromatography (10–30% EtOAc in hexane) afforded 14
(2.32 g, 59%). 1H NMR (500 MHz, CDCl3) At rt, 2 rotamers are
present in a ratio of 1 : 1.1, d 7.08–7.04 (m, 2H), 6.96–6.92 (m, 2H),
6.60 (s, 1H), 6.51 (s, 1H), 6.35–6.31 (m, 2H), 6.22–6.19 (m, 2H),
6.09–6.03 (m, 2H), 5.96–5.78 (m, 4H), 5.50 (dd, J = 1.25, 17.8 Hz,
2H), 5.35–5.08 (m, 10H), 4.90 (d, J = 16.5 Hz, 1H), 4.80 (d, J =
22 Hz, 1H), 4.74 (d, J = 22 Hz, 1H), 4.68–4.56 (m, 9H), 4.52–4.42


(m, 2H), 4.3–4.27 (m, 1H), 4.22–4.16 (m, 1H), 4.14–4.06 (m, 2H),
3.92 (dd, J = 4, 10 Hz, 1H) 3.83 (dd, J = 4.75, 10 Hz, 1H), 2.99
(dd, J = 15, 14 Hz, 1H), 2.86 (dd, J = 13, 15 Hz, 1H), 1.75 (dd,
J = 4.5, 15 Hz), 1.70 (dd, J = 4, 15 Hz, 1H), 1.10–1.03 (m, 42H).13


6H-Benzofuro[3a,3,2-ef ][2]benzazepin-6-one, 3-bromo-4a,5,9,
10,11,12-hexahydro-2-hydroxy-10-(triisopropylsilanyloxymethyl)-
[(4aR,8aR,10S)-15]. To a solution of 14 (2.30 g, 3.35 mmol)
in THF (50 mL) was added morpholine (2.92 g, 33.5 mmol)
followed by solid Pd(PPh3)4 (116 mg, 0.1 mmol) and PPh3 (26.4 mg,
0.01 mmol) at rt in the dark. After stirring overnight, the solution
was concentrated under reduced pressure and purified by flash
chromatography (10–100% EtOAc–hexane) to obtain 15 as a solid
(1.723 g, 98%). 1H NMR (500 MHz, CDCl3) d 6.82 (d, J = 15 Hz,
1H), 6.33 (s, 1H), 6.0 (d, J = 15 Hz, 1H), 4.85 (br s, 1H), 4.04 (d,
J = 15 Hz, 1H), 3.96 (d, J = 15 Hz, 1H), 3.70 (dd, J = 10, 5 Hz,
1H), 3.62 (dd, J = 10, 10 Hz, 1H), 3.3–3.2 (m, 1H), 3.15 (dd, J =
17.5, 2.5 Hz, 1H), 2.75 (dd, J = 17.5, 2.5 Hz, 1H), 1.95–1.9 (m,
2H), 1.20–1.00 (m, 21H).13


6H-Benzofuro[3a,3,2-ef ][2]benzazepin-6-one, 3-bromo-2-(cyclo-
propylmethoxy)-4a,5,9,10,11,12-hexahydro-10-(triisopropysilanyl-
oxymethyl)- [(4aR,8aR,10S)-16]. To a solution of 15 (1.72 g,
3.30 mmol) in THF (30 mL) was added PPh3 (1.041 g, 3.96 mmol)
and cyclopropylmethylalcohol (0.356 g, 4.95 mmol). The solution
was cooled to 0 ◦C and DIAD (0.866 g, 4.29 mmol) was added
with stirring. After 2 h, the solution was concentrated under
reduced pressure and purified by flash chromatography (0–50%
EtOAc–hexane) to obtain 16 (1.85 g, 97%). Rf = 0.29 (50%
EtOAc–hexane). 1H NMR (500 MHz, CDCl3) d 6.84 (d, J =
10.4 Hz, 1H), 6.24 (s, 1H), 6.0 (d, 10.4 Hz, 1H), 4.74 (br s, 1H),
4.04 (d, J = 15.6 Hz, 1H), 3.98 (d, J = 16.6 Hz, 1H), 3.84 (dd,
J = 6.4, 10 Hz, 1H), 3.78 (dd, J = 6.8, 6.6 Hz), 3.67–3.57 (m,
2H), 3.22–3.16 (m, 1H), 3.14 (d, J = 16 Hz, 1H), 2.72 (dd, J =
3.4, 17.8 Hz, 1H), 2.01 (d, J = 12.8 Hz, 1H), 1.69 (dd, J = 12.4,
12.4 Hz, 1H), 1.2–1.0 (m, 22H), 0.62–0.57 (m, 2H), 0.36–0.33 (m,
1H).13


6H-Benzofuro[3a,3,2-ef ][2]benzazepin-6-one, 3-bromo-2-(cyclo-
propylmethoxy)-4a,5,7,8,9,10,11,12-octahydro-10-(triisopropylsil-
anyloxymethyl)-8-[[(4-methoxyphenyl)methyl]thio]- [(4aR,8aR,
10S)-17]. To a solution of 16 (1.85 g, 3.21 mmol) in THF
(30 mL) at 0 ◦C was added 4-methoxybenzyl mercaptan (0.643 g,
4.17 mmol) and 2,6-lutidine (0.446 g, 4.17 mmol). After 15 min,
n-BuLi (0.05 mL of 2.5 M solution in hexane, 0.125 mmol) was
added and the solution was warmed to rt. After 1 h, anhydrous
acetic acid (0.05 mL, 0.87 mmol) was added, the solution was
concentrated under reduced pressure, and purified by flash
chromatography (0–40% EtOAc–hexane) to obtain compound
17 (1.20 g, 52%). Rf = 0.5 (50% EtOAc–hexane). 1H NMR
(500 MHz, CDCl3) d 7.19 (d, J = 8.5 Hz, 2H), 6.84 (d, J = 8.5 Hz,
2H), 6.18 (s, 1H), 4.71 (dd, J = 2.75, 2.75 Hz, 1H), 3.84 (dd, J =
6.5, 9.5 Hz, 1H), 3.80 (s, 3H), 3.79 (dd, J = 6.5, 9.5 Hz, 1H), 3.74
(d, J = 13.7 Hz, 1H), 3.73–3.70 (m, 1H), 3.60 (d, J = 13.7 Hz,
1H), 3.52 (dd, J = 8.5, 8.5 Hz, 1H), 3.37 (d, J = 15 Hz, 1H),
3.14–3.08 (m, 2H), 3.05 (dd, J = 2.75, 18.3 Hz, 1H), 2.97 (dd, J =
2.75, 18.3 Hz, 1H), 2.61 (dd, J = 4, 17 Hz, 1H), 2.40 (dd, J = 3,
17), 2.08 (d, J = 13 Hz, 1H), 1.46 (dd, J = 17, 17 Hz), 1.30–1.26
(m, 1H), 1.16–1.07 (m, 21H), 0.64–0.61 (m, 2H), 0.38–0.34 (m,
2H).13
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6H-Benzofuro[3a,3,2-ef ][2]benzazepin-6-one, 3-bromo-2-(cyclo-
propylmethoxy)-4a,5,7,8,9,10,11,12-octahydro-10-(triisopropysil-
anyloxymethyl)-8-[[(4-methoxyphenyl)methyl]thio]-, O-(phenyl-
methyl)oxime [(4aR,8aR,10S)-18]. To a solution of compound
17 (1.20 g, 1.64 mmol) in CH2Cl2 (2 mL) was added O-
benzylhydroxylamine hydrochloride (392 mg, 2.46 mmol) and
2,6-lutidine (350 mg, 3.28 mmol) in CH2Cl2 (10 mL) at rt. After
10 min, anhydrous acetic acid (0.12 mL, 2.1 mmol) was added.
After 1 h, the solution was concentrated under reduced pressure
and immediately purified by flash chromatography (5–30%
EtOAc–hexane) to obtain 18 as a 1.6 : 1 mixture of isomers
(1.32 g, 96%) as a white solid. (0–2% MeOH–CH2Cl2). Rf = 0.5
(66% EtOAc–hexane). The isomer mixture can be isolated by
careful chromatograph separation if a single isomer of secramine
A is needed, this separation should be done before TIPS removal.
1H NMR (500 MHz, CDCl3) d 7.41 (d, J = 7.5 Hz, 2H), 7.36 (dd,
J = 7.7, 7.7 Hz, 2H), 7.30 (d, J = 6.5 Hz), 7.17 (d, J = 8.5 Hz,
2H), 6.81 (d, J = 9 Hz, 2H), 6.16 (s, 1H), 5.20 (d, J = 13 Hz,
1H), 5.15 (d, J = 12.5 Hz, 1H), 4.57 (dd, J = 2.5, 2.5 Hz, 1H),
3.83 (dd, J = 6.75, 9.75 Hz, 1H), 3.79 (s, 3H), 3.78 (dd, J = 6.75,
9.75 Hz, 1H), 3.71 (br s, 1H), 3.63 (d, J = 13 Hz, 1H), 3.53 (d,
J = 14 Hz, 1H), 3.51 (dd, J = 2.5, 18.2 Hz, 1H), 3.44 (d, J =
15 Hz, 1H), 3.23 (br s, 1H), 3.02 (br s, 1H), 2.80 (dd, J = 2.5, 18
Hz), 2.55 (dd, J = 3.75, 11.25 Hz, 1H), 2.34 (d, J = 10 Hz, 1H),
1.97 (d, J = 13 Hz, 1H), 1.29–1.25 (m, 2H), 1.16–1.07 (m, 21H),
0.63–0.61 (m, 2H), 0.37–0.34 (m, 2H).13


6H-Benzofuro[3a,3,2-ef ][2]benzazepin-6-one, 3-bromo-2-(cyclo-
propylmethoxy)-4a,5,7,8,9,10,11,12-octahydro-10-(hydroxymeth-
yl)-8-[[(4-methoxyphenyl)methyl]thio], O-(phenylmethyl)oxime,
(4aR,8aR,10S)-secramine A (1). To a solution of 18 (1.32 g,
1.58 mmol, 1 eq.) in THF (10 mL) in a high density polyethylene
vial was added HF–pyridine (3 mL) slowly with stirring. After
2 h, the solution was concentrated under reduced pressure and
purified by flash chromatography (0–5% MeOH–CH2Cl2) to
obtain 1 0.79 g (yield 73%, 1.6 : 1 mixture of isomers) white solid.
Rf = 0.24 (5% MeOH–CH2Cl2). 1H NMR (500 MHz, (CD3)2SO)
major isomer: d 7.39–7.29 (m, 5H), 7.19 (d, J = 8.5 Hz, 2H) 6.84
(d, J = 8.5 Hz, 2H), 6.38 (s, 1H), 5.11 (d, J = 12.5 Hz, 1H), 5.08
(d, J = 12.5 Hz, 1H), 4.60 (dd, J = 3, 3 Hz, 1H), 4.54 (br s, 1H),
3.85 (dd, J = 7, 6.5 Hz, 1H), 3.79 (dd, J = 7.5, 6.5 Hz, 1H),
3.72 (s, 3H), 3.89 (d, J = 12.5 Hz, 1H), 3.68 (d, J = 16 Hz, 1H),
3.57 (d, J = 13 Hz, 1H), 3.37–3.24 (m, 3H), 3.14–3.10 (m, 1H),
3.07 (br s, 1H), 2.99–2.93 (m, 1H), 2.63 (d, J = 19 Hz, 1H), 2.07
(d, J = 15.5 Hz, 1H), 1.90 (d, J = 13.5 Hz), 1.27–1.16 (m, 2H),
0.56–0.52 (m, 2H), 0.32–0.28 (m, 2H).13


Synthesis of 4-[(S)-2-amino-3-(triisopropylsilanoxyl)propyl]-
phenol (3) through direct protection. To a solution of tyrosinol
hydrochloride (206 mg, 1.0 mmol) in CH2Cl2 (5 mL) at 0 ◦C was
added TIPSOTf (612 mg, 2.0 mmol), Et3N (253 mg, 3.5 mmol),
then the solution was warmed to rt and then stirred for 24 h.
The reaction mixture was quenched by sat. NH4Cl solution and
extracted by ethyl acetate, the organic layer was dried over Na2SO4.
Condensation of the solvent gave the crude product. Purification
by flash chromatography (30% EtOAc–hexane to 100% EtOAc)
afforded 3 (103 mg, 32%). 1H NMR (500 MHz, CDCl3): d 7.01 (d,
J = 8.0 Hz, 2H), 6.71 (d, J = 8.5 Hz, 2H), 4.50 (br s, 2H), 3.75 (dd,
J = 10.0, 3.5 Hz, 1H), 3.61 (dd, J = 9.5, 6.5 Hz, 1H), 3.19 (br s,


1H), 2.79 (dd, J = 13.3, 6.0 Hz, 1H), 2.64 (dd, J = 13.8, 7.5 Hz,
1H), 1.05 (m, 21H).


(S) -1 - (Triisopropylsilyloxy) -3-(4-(triisopropylsilyloxy)phenyl)-
propan-2-amine (30). To a solution of tyrosinol hydrochloride
(206 mg, 1.0 mmol) in CH2Cl2 (5 mL) at 0 ◦C was added TIPSOTf
(918 mg, 3.0 mmol), Et3N (505 mg, 5.0 mmol), the solution was
warmed to rt and then stirred for 24 h. The reaction mixture
was quenched by sat. NH4Cl solution and extracted by ethyl
acetate, the organic layer was dried over Na2SO4, condensation
of the solvent gave the crude product. Purification by flash
chromatography (10–50% EtOAc in hexane) afforded 30 (311 mg,
65%). 1H NMR (500 MHz, CDCl3): d 7.05 ( (d, J = 8.0 Hz, 2H),
6.81 (d, J = 8.0 Hz, 2H), 3.66–3.64 (m, 2H), 3.52–3.49 (m, 2H),
3.08–3.05 (m, 1H), 2.74–2.70 (m, 1H), 2.52–2.48 (m, 1H), 1.54
(br s, 2H), 1.28–1.22 (m, 6H), 1.11–1.02 (m, 36H).


4-[(S)-2-Amino-3-(triisopropylsilanoxyl)propyl]phenol (3) (through
selective deprotection of 30)


To a solution of 30 (239 mg, 0.5 mmol) in THF (3 mL) at −78 ◦C
was added TBAF (1 M solution in THF, 0.5 mL, 0.5 mmol) the
solution was warmed to 0 ◦C slowly, then reaction mixture was
quenched by sat. NH4Cl solution and extracted by ethyl actate, the
organic layer was dried over Na2SO4. Condensation of the solvent
gave the crude product. Purification by flash chromatography (30%
EtOAc–hexane to 100% EtOAc) afforded 3 (93 mg, 58%). 1H
NMR (500 MHz, CDCl3): d 7.01 (d, J = 8.0 Hz, 2H), 6.71 (d,
J = 8.5 Hz, 2H), 4.50 (br s, 2H), 3.75 (dd, J = 10.0, 3.5 Hz, 1H),
3.61 (dd, J = 9.5, 6.5 Hz, 1H), 3.19 (br s, 1H), 2.79 (dd, J = 13.3,
6.0 Hz, 1H), 2.64 (dd, J = 13.8, 7.5 Hz, 1H), 1.05 (m, 21H).


(S) - 4 - (2 - (3,5 - bis(allyloxy)-4-bromobenzylamino)-3-hydroxy-
propyl)phenol (19). A solution of tyrosinol hydrochloride
(814 mg, 4.0 mmol) and aldehyde 2 (1.32 g, 4.45 mmol) in methanol
(20 mL) was cooled to 0 ◦C, then a solution of NaBH3CN
(315 mg, 5.0 mmol) in methanol (20 mL) was added dropwise.
After addition, the reaction mixture warmed to rt and stirred
overnight. Then Et3N (5 ml) was added, most of the solvent was
removed under reduced pressure and brine (100 mL) and saturated
NaHCO3 (30 mL) were added. The mixture was extracted by
EtOAc (50 mL × 2). The organic layers were combined and dried
over Na2SO4. Purification by flash chromatography (50%–100%
EtOAc in hexane) afforded 19 (1.40 g, 78%). 1H NMR (300 MHz,
CDCl3): d 6.98 (d, J = 8.4 Hz, 2H), 6.74 (d, J = 8.4 Hz, 2H), 6.41
(s, 2H), 6.11–5.99 (m, 2H), 5.52–5.44 (m, 2H), 5.31–5.27 (m, 2H),
4.54 (td, J = 4.8, 1.6 Hz, 4H), 3.71 (s, 2H), 3.41–3.36 (m, 1H),
2.91–2.89 (m, 2H), 2.73–2.68 (m, 2H).


(S) - 4 - ((3 - (3,5 - bis(allyloxy)-4-bromobenzyl)-2,2-dimethyloxa-
zolidin-4-yl)methyl)phenol (22). A solution of compound 19
(700 mg, 1.56 mmol), TsOH monohydrate (12 mg, 0.06 mmol)
and 2,2-dimethoxypropane (2.5 mL) was refluxed for 2 d, then
saturated NaHCO3 (30 mL) were added to quench the reaction.
The mixture was extracted by EtOAc (50 mL × 2). The organic
layers were combined, washed by brine and dried over Na2SO4.
Purification by flash chromatography (10–50% EtOAc in hexane)
afforded 22 (192 mg, 25%). 1H NMR (300 MHz, CDCl3): d 6.97 (d,
J = 8.4 Hz, 2H), 6.69 (d, J = 8.4 Hz, 2H), 6.43 (s, 2H), 6.10–5.97
(m, 2H), 527 (dq, J = 10.4, 1.5 Hz, 4H), 4.52–4.49 (m, 4H), 3.77
(s, 2H), 3.42–3.36 (m, 2H), 3.16 (s, 2H), 2.94–2.91 (m, 1H), 2.70
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(d, J = 6.8 Hz, 2H), 1.32 (s, 6H); 13C NMR (300 MHz, CDCl3):
d 24.4, 37.3, 48.5, 51.4, 57.9, 62.4, 69.7, 100.1, 106.0, 115.4, 117.5,
130.3, 132.7, 140.7, 154.6, 156.1.


(S)-3-(3,5-bis(allyloxy)-4-bromobenzyl)-4-(4-hydroxybenzyl)-
oxazolidin-2-one (23). A solution of compound 19 (1.0 g,
2.24 mmol), Diphenyl carbonate (1.2 g, 5.6 mmol) and acetonitrile
(10 mL) was refluxed for 18 h, then saturated NaHCO3 (30 mL)
was added to quench the reaction. The mixture was extracted
with EtOAc (50 mL × 2). The organic layers were combined was
washed by brine and dried over Na2SO4. Purification by flash
chromatography (10–50% EtOAc in hexane) afforded 23 (0.91 g,
86%). 1H NMR (300 MHz, CDCl3): d 6.90 ((d, J = 8.5 Hz, 2H),
6.78 (d, J = 8.4 Hz, 2H), 6.39 (s, 2H), 6.09–5.99 (m, 2H), 5.47
(ddd, J = 17.3, 1.7, 1.5 Hz, 2H), 5.29 (ddd, J = 10.5, 2.4, 1.5 Hz,
1H), 4.70 (d, J = 15.2 Hz, 1H), 4.59–4.56 (m, 4H), 4.19–4.09 (m,
2H), 4.03–3.97 (m, 2H), 3.81–3.75 (m, 1H), 2.96 (dd, J = 13.8,
5.2 Hz, 1H), 2.60 (dd, J = 13.8, 8.1 Hz, 1H).


Synthesis of intermediates 24 to 28


Compound 23 (0.620 mg, 1.31 mmol) was dissolved in the HFIPA
(4 mL) and cooled to 0 ◦C. Then a solution of PhI(OAc)2 (505 mg,
1.57 mmol), dissolved in CH2Cl2 (12 mL) was added at 0 ◦C and the
reaction mixture was stirred for 3 h at same temperature. Then the
reaction was quenched by NaHCO3 solution, extracted by EtOAc,
and organic layer was dried over Na2SO4. Flash chromatography
(10–50% EtOAc in hexane) afforded compound 24 as colorless oil
(400 mg, 59%). 1H NMR (500 MHz, CDCl3): d 7.42–7.36 (m, 2H),
6.73 (s, 1H), 6.41–6.37 (m, 1H), 6.17–6.13 (m, 1H), 6.10–6.04 (m,
1H), 6.01–5.85 (m, 1H), 5.53–5.47 (m, 1H), 5.36–5.32 (m, 1H),
5.29–5.21 (m, 3H), 4.82 (d, J = 16.0 Hz, 1H), 4.66–4.62 (m, 2H),
4.57–4.42 (m, 2H), 4.26–4.23 (m, 1H), 4.13–4.05 (m, 2H), 3.91–
3.84 (m, 2H); 13C NMR (300 MHz, CDCl3): d 185.0, 157.0, 156.1,
155.4, 147.7, 136.7, 131.8, 131.7, 128.8, 122.1, 119.0, 118.2, 112.6,
109.0, 74.5, 69.8, 67.3, 55.2, 48.5, 47.3, 46.6


25: To a solution of 24 (127 mg, 0.27 mmol) in THF (3 mL)
was added morpholine (234 mg, 2.7 mmol), followed by solid
Pd(PPh3)4 (2.3 mg, 0.018 mmol) and PPh3 (26.4mg, 0.01 mmol)
at rt in the dark. After stirring overnight, the solution was
concentrated under reduced pressure and purified by flash chro-
matography (10–50% EtOAc–hexane) to obtain compound 25 as
a solid (90 mg, 70%). 1H NMR (500 MHz, CDCl3) d 6.80 (dd, J =
10.3, 1.9 Hz, 1H), 6.11 (d, J = 10.3 Hz, 1H), 4.88 (d, J = 16.4 Hz,
1H), 4.84–4.82 (m, 1H), 4.58–4.52 (m, 1H), 4.33–4.28 (m, 2H),
4.00–3.96 (m, 1H), 3.75–3.68 (m, 1H), 3.22 (d, J = 17.8 Hz, 1 H),
2.76 (dd, J = 3.7 Hz, 17.9 Hz, 1H), 2.19–2.16 (m, 2H).


26: To a solution of 25 (70 mg, 0.179 mmol) in THF (2.0 mL) was
added PPh3 (56 mg, 0.215 mmol) and cyclopropylmethylalcohol
(17 mg, 0.233 mmol). The solution was cooled to 0 ◦C and DIAD
(38.5 mg, 0.179 mmol) was added with stirring. After 2 h, the
solution was concentrated under reduced pressure and purified
by flash chromatography (10–50% EtOAc–hexane) to obtain 26
(68.5 mg, 86%). 1H NMR (400 MHz, CDCl3) d 6.81 (dd, J = 10.4,
2.0 Hz, 1H), 6.37 (s, 1H), 6.04 (d, J = 10.4 Hz, 1H), 4.85 (d, J =
16.4 Hz, 1H), 4.51 (t, J = 8.5 Hz, 1H), 4.36–4.29 (m, 2H), 3.96–
3.92 (m, 1H), 3.85 (dd, J = 6.8, 1.3 Hz, 2H), 3.18 (d, J = 18.0 Hz,
1H), 2.76 (dd, J = 18.0 Hz, 1H), 2.06–2.22 (m, 1H), 0.66–0.60 (m,
2H), 0.38–0.34 (m, 2H).


27: To a solution of 26 (60 mg, 0.134 mmol, 1 eq.) in THF
(2 mL) at 0 ◦C was added 4-methoxybenzyl mercaptan (27 mg,
0.174 mmol) and 2,6-lutidine (18 mg, 0.174 mmol). After 15 min,
n-BuLi (0.005 mL of 2.5M solution in hexane, 0.008 mmol) was
added and the solution was warmed to rt. After 1 h, anhydrous
acetic acid (0.01 mL) was added, the solution was concentrated
under reduced pressure, and purified by flash chromatography
(10–40% EtOAc–hexane) to obtain compound 27 (30 mg, 52%) as
a white solid. 1H NMR (500 MHz, CDCl3) d 7.17 (d, J = 8.6 Hz,
2H), 6.89 (d, J = 8.6 Hz, 2H), 6.30 (s, 1H), 4.72 (t, J = 2.7 Hz,
1H), 4.46 (d, J = 15.8 Hz, 1H), 4.34 (t, J = 7.8 Hz, 1H), 3.85–3.75
(m, H), 3.55 (d, J = 13.8 Hz, 1H), 3.00 (d, J = 2.8 Hz, 2H), 2.65
(dd, J = 17.2, 3.5 Hz, 1H), 2.53 (s, 1H), 2.38 (dd, J = 17.2, 2.9 Hz,
1H), 2.24 (dd, J = 1.8, 13.3 Hz, 1H), 1.75–1.85 (m, 1H), 0.67–0.60
(m, 2H), 0.39–0.34 (m, 2H).


28: To a solution of 27 (10 mg, 0.0167 mmol) in CH2Cl2


(1 mL) was added O-benzylhydroxylamine hydrochloride (5.0 mg,
0.03 mmol) and 2,6-lutidine (3.2 mg, 0.03 mmol) in CH2Cl2


(10 mL) at rt. After 10 min, anhydrous acetic acid (0.12 mL,
2.1 mmol, 5 eq.) was added. After 1 h, the solution was concen-
trated under reduced pressure and immediately purified by flash
chromatography (5–30% EtOAc–hexane) to obtain compound 28
as a 1.6 : 1 mixture of isomers (5 mg, 42%) as a white solid. (0–2%
MeOH–CH2Cl2). 1H NMR (500 MHz, CDCl3) d 7.39–7.33 (m,
5H), 7.15 (d, J = 8.6 Hz, 2H), 6.85 (d, J = 8.6 Hz, 2H), 6.27 (s,
1H), 5.20–5.12 (m, 1H), 4.57–4.49 (m, 1H), 4.46 (d, J = 15.8 Hz,
1H), 4.37 (t, J = 8.4 Hz, 1H), 4.40–4.34 (m, 1H), 3.80 (s, 3H),
3.72–3.50 (m, 1H).


Procedure for cell spreading assay


Secramine A was stored as 20 mM aliquots at −20 ◦C. Confluent
BS-C-1 cells were trypsinized, washed, and resuspended in culture
media containing 10% heat-inactivated FBS at 37 ◦C. After 1 h,
the cells were pelleted and resuspended in DMEMa with 2% Nu-
serum (BD Biosciences) at 37 ◦C. The cells were mixed 1 : 1 in the
same media containing 2× vehicle (2% DMSO) or 2× secramine
A (50 lM or 25 lM) an plated in 6-well plates with transparent
bottom at low density (∼100 000 cells per well). For washout
experiments, the imaging media was diluted ∼3-fold with DMEMa
containing 10% FBS and exchanged with DMEMa containing
10% FBS. Live cell imaging was done using phase contrast
microscopy at 20× magnification starting 5 min after plating.
>20 cells per condition were imaged for each subsequent time
point using a computer-control inverted Zeiss 200M microscope
under control of Slidebook (Intelligent Imaging Innovations, Inc.).
Experiments were performed in duplicate and scoring was not
carried out in a blinded fashion.
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The concept of bisthioxanthylidene biscrown ethers as potential stereodivergent chiral ligands in
asymmetric synthesis is introduced. Substituted bisthioxanthylidenes may be chiral and can exist as
stable enantiomers due to their folded structure. As a result, both a right-handed helix (P) and
left-handed helix (M) are present in this type of molecule. This offers the unique possibility to construct
two crown ether moieties, attached to the same molecule, of which one exhibits (P)-helicity and the
other (M)-helicity. When the crown ether moieties differ in size they can be complexed selectively with a
base containing a cation of appropriate diameter. In this manner the (P)-helix and the (M)-helix can be
activated selectively to serve as a chiral environment for base catalyzed asymmetric synthesis. Thus, we
envisioned the new concept of a single chiral ligand to separately synthesize two enantiomers of a chiral
product just by varying the added base. For this purpose, four new bisthioxanthylidene monocrown
ethers and two new bisthioxanthylidene biscrown ethers were synthesized. Two biscrowns and two
monocrowns were separated into their respective enantiomers (HPLC) and optical data (UV and CD)
were collected to ensure stability of enantiomers at ambient temperatures. Ion complexation of one
mono- and two biscrown ethers with potassium and sodium cations was investigated.


Introduction


Following the seminal discovery by C. J. Pedersen1 in 1967
numerous applications of crown ethers, and derivatives, have been
developed. These compounds have been the basis for host–guest
chemistry and are at the dawn of supramolecular chemistry.2 Cram
et al. employed chiral crown ethers as ligands for potassium
ions in base catalyzed asymmetric Michael addition reactions
(Scheme 1).3 Chiral ligand (R)-4 consists of a six oxygen crown
ether attached to an optically pure binaphthol moiety. The size of
the crown ether was perfectly suited for 1 : 1 complexation with


Scheme 1 Asymmetric Michael addition using crown ether (R)-4 as chiral
ligand.
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of 9; chiroptical data of 7 and 8; procedures for complexation experiments
of compounds 5, 9, and 10; 1H and 13C NMR-spectra of 5–10. See DOI:
10.1039/b609271c


KOtBu, which initiated the Michael addition of methyl acrylate
2 to methyl phenylacetate 1. In this way a chiral environment
was created around the reaction center which led to formation of
product 3 in 90% yield, with an ee of 62%.


Concept


This methodology inspired us to construct chiral crown ethers
with bisthioxanthylidene as a chiral template (Fig. 1).


We envisioned that the combination of the unique three
dimensional shape of bisthioxanthylidene4–6 and ion complexation
capabilities of crown ethers1,2 would provide an interesting new
class of chiral bifunctional structures. Bisthioxanthylidenes are
proven to exhibit a folded structure due to the severe steric
hindrance around the central double bond (Fig. 1, structures A
and B). Unequal substituents at either side of the molecule lead to
a chiral compound with both a right (P) and a left handed helix
(M) in the same molecule (Fig. 1, structure A).7 Equal substituents
would lead to an achiral meso compound (Fig. 1, structure B).
Rebek et al. synthesized a biphenyl which was functionalized with
equally sized crown ether moieties at both sides (Fig. 1, structure
C).8 Cooperative binding affinity of this biscrown system8 and
related structures9 with cations was investigated. Since biphenyls
have a twisted conformation, two helices of same configuration
(two (P)-helices or two (M)-helices) are present in this type
of molecule. Note that, despite having equal substituents, the
presence of two helices of the same configuration makes this type of
structure chiral anyway, independent from its substitution pattern.


Bisthioxanthylidenes have racemization barriers (DG‡) around
27.0 kcal mol−1 which ensure sufficient stability to preserve optical
activity at ambient temperatures.4–6 We aimed at four bisthiox-
anthylidene monocrown ethers 5–8 and two bisthioxanthylidene
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Fig. 1 Schematic presentation of: (A) bisthioxanthylidene with unequal
crown ether moieties; (B) bisthioxanthylidene with equal crown ether
moieties, (C) biphenyl with equal crown ether moieties. Right: projection
viewed from top along the central double bond.


biscrown ethers 9 & 10 bearing crown ether moieties comprising
four, five, and six oxygen atoms, connected by ethylene moieties
(Fig. 2). Crown ethers of this composition are known to have a
distinct preference for selective 1 : 1 complexation with lithium,
sodium, and potassium cations, respectively, according to the
‘optimal spatial concept’.2,10


Fig. 2 New bisthioxanthylidene monocrown ethers 5–8 and bisthioxan-
thylidene biscrown ethers 9 and 10.


All new bisthioxanthylidene crown ethers 5–10 are chiral since
they have different substituents attached at either side of the
molecule. Bisthioxanthylidene monocrowns 5–8 were intended to
examine the complexation behavior of this class of compounds
with metal cations. The differently sized crown ether moieties of
two biscrown ethers 9 and 10 were anticipated to selectively bind
a metal ion of appropriate size. In this manner the (P)-helix and
(M)-helix can be complexed selectively by varying the size of the
added metal ion. The (P)-helix and (M)-helix can serve as a chiral
environment for base mediated asymmetric catalysis. Thus, we
envisioned the new concept of a single chiral ligand which is able
to control the formation of either enantiomers of a chiral product
in a distinct way simply by varying the added achiral base (Fig. 3).


Fig. 3 Selective activation of the (M)-helix or (P)-helix of a bisthiox-
anthylidene biscrown ether by ion binding. Left: bisthioxanthylidene
biscrown ligand. Right: schematic drawing viewed from top along central
double bond.


Synthesis


Monocrown 5, with methylene groups between the bisthioxan-
thylidene backbone and oligoether segment, was synthesized from
thiophenol 11a and 4-bromoisophthalic acid 11b (Scheme 2).
Ketone 13 was conveniently synthesized from substrates 11a
and 11b via an aromatic substitution yielding 12 followed by
an intramolecular Friedel–Crafts reaction. The carboxylic acid
moiety of 13 was protected by esterification with cyclohexanol
to provide adduct 14. Thioxanthone ester 14 was converted into
unstable gem-dichloride 15 by refluxing in oxalyl dichloride to
facilitate subsequent intermolecular coupling by the action of
activated Cu-bronze11 in refluxing p-xylene.12 Bisthioxanthylidene
16 was obtained in 51% yield after purification by column
chromatography. A mixture of cis and trans-16, in a 1 : 1 ratio,
was obtained and separation of the two isomers was achieved
by column chromatography. However, the cis–trans mixture was
applied in the following step. The ester groups of 16 were readily
converted into dichlorides cis-18 and trans-18 (1 : 1 ratio) by a
LiAlH4 reduction and subsequent reaction with SOCl2. The crown
ether moiety was constructed by coupling pentaethylene glycol
with cis–trans-18 through a twofold Williamson ether synthesis. A
rather low yield of 15% was found due to extensive formation of
oligomers. The trans isomer of 5 was not observed.


The synthesis route towards monocrown 6 is depicted in
Scheme 3. Two 2-hydroxy-thioxanthylidene moieties 1913,14 were
coupled with triethylene glycol ditosylate using K2CO3 in refluxing
DMF providing diketone 20 in 50% yield. An intramolecular
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Scheme 2 Synthesis route towards monocrown 5.


Scheme 3 Synthesis route towards monocrown 6.


coupling reaction of 20 by oxalyl dichloride12 and activated
Cu-bronze11 furnished bisthioxanthylidene monocrown ether 6.
Synthesis of monocrown ether compounds 7 and 8 (Fig. 2) was
reported previously.14 All four monocrowns 5–8 were characterized
by 1H and 13C NMR as well as HRMS analysis.


Bisthioxanthylidene biscrown ethers 9 and 10 were synthe-
sized in eight steps from 7-methoxy-9-oxo-9H-thioxanthene-2-
carboxylic acid 216 (Scheme 4). A building block with two
different substituents was chosen to be able to selectively construct
two unequally sized crown ether moieties. First the methoxy
substituent of 21 was deprotected by BBr3 yielding 22 after which
the carboxylic acid moiety was esterified with cyclohexanol to
give 23. Two equivalents of 23 were coupled with one equivalent
of ditosylate by the action of Cs2CO3 to give compounds 24 (n =
2, 63%) and 25 (n = 3, 68%). The reaction temperature was kept
at 65 ◦C to prevent hydrolysis of the esters which, however, caused
prolonged reaction times of up to 80 h.


A crucial intramolecular coupling reaction followed which
simultaneously resulted in construction of the central double
bond of the bisthioxanthylidene backbone and the first crown
ether moiety. Diketones 24 and 25 were converted into their
respective bis-gem-dichlorides 26 and 27 by heating at reflux
in oxalyl dichloride for 24 h.12 The bis-gem-dichlorides were
unstable and therefore treated in situ with activated Cu-bronze11


in refluxing p-xylene to furnish ring closed adducts 28 (n = 2)
and 29 (n = 3) in 60% and 71% yield respectively. These were
satisfactory yields given that sterically demanding overcrowded
alkenes were prepared during intramolecular coupling reactions
which could give oligomers. Only cis-isomers were found. The
conversion of the two ester groups into methylene chlorides
and subsequent attachment of the second crown ether moiety
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Scheme 4 Synthesis route towards biscrown ethers 9 and 10.


proceeded in a similar fashion as employed for monocrown 5
(Scheme 2). KOtBu was applied as base in an attempt to exploit a
template effect15 during intramolecular crown ether formation.
Thus, bisthioxanthylidene biscrown ethers 9 (n = 2) and 10
(n = 3) were obtained in gratifying yields of 28 and 34% after
purification by column chromatography. These yields are doubled
in comparison with the 15% yield found for intramolecular crown
ether formation of dichloride cis–trans-18 leading to 5 (Scheme 2).
This is in line with the fact that dichlorides 32 and 33 are
only present in the cis-configuration promoting intramolecular
coupling. Biscrown ethers 9 and 10 were characterized by mass
spectrometry, 1H NMR, 13C NMR, NOESY, and COSY NMR.


Chiroptical data


Optical resolution of monocrown ethers 7 and 8 (n = 3, 4)
and both biscrown ethers 9 and 10 was pursued to confirm the
anticipated chirality and optical stability. Separation into their
respective enantiomers was readily achieved by chiral HPLC and
specifications are summarized in Table 1. CD-spectra of 7–10
were recorded and displayed a pair of mirror images in all cases.
Data of the (M) enantiomers are given in Table 2 and UV and
CD-spectra of the (P) and (M) enantiomer of biscrown 9 are
depicted in Fig. 4. CD-spectra of the four bisthioxanthylidene
(bis) crown ethers 7–10 show similar features except for the


Table 1 Enantioresolution by chiral HPLC of crown ether compounds 7–10


Crown ether Chiral column Eluent Retention times/min Configuration first fraction


7 AD n-Hexane–i-propanol 120 : 1 64, 72 (P)
8 AD n-Hexane–i-propanol 60 : 1 44, 56 (M)
9 OD n-Hexane–i-propanol 9 : 1 13, 19 (P)
10 AD n-Hexane–i-propanol–chloroform 8 : 1 : 1 15, 23 (P)
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Table 2 CD data of (M) enantiomers of crown ethers 7–10a


Crown ether Configurationb k/nm, e/1000 cm2 mol−1


7 (M) 218 (+27.5) 227 (−3.6) 247 (−14.7) 268 (+12.1) 287 (−28.0) 308 (+14.1)
8 (M) 218 (+22.8) 228 (−18.4) 248 (−23.7) 268 (+9.5) 287 (−40.0) 310 (+21.8)
9 (M) 219 (+42.6) 229 (−21.4) 252 (−28.5) 270 (+19.3) 289 (−44.9) 312 (+23.9)
10 (M) 220 (+14.6) 230 (−12.5) 252 (−15.9) 271 (+12.4) 290 (−23.9) 312 (+10.3)


a all recordings in n-hexane b based on ref. 6.


Fig. 4 UV (n-hexane–i-propanol 9 : 1) of biscrown ether (P)-9 and CD
(n-hexane) spectra of (P) (straight) and (M) (dashed) enantiomers of 9.


sign which is dependent on the enantiomer. This led to the
conclusion that the folded16 bisthioxanthylidene backbone largely
governed the shape and sign of the CD-spectra. Maxima, or
minima, were found around 219, 228, 249, 269, 288 and 310 nm,
respectively. The absolute configurations of crown ethers 7–
10 were determined by comparison of CD-data with those of
a similarly substituted bisthioxanthylidene backbone of which
the absolute configuration was established unambiguously.6 The
collected optical data confirmed that bisthioxanthylidene crown
ethers 7–10 preserve their optical activity and can exist as stable
enantiomers at ambient temperatures.


Complexation studies


Previous 1H NMR longitudinal relaxation time studies of
monocrown 7 with lithium, sodium, potassium, rubidium, and


caesium triflates in CDCl3 revealed that 7 has a preference for
1 : 1 complexation with lithium cations.14 Cation : 7 1 : 2
sandwich complexes were observed with potassium, rubidium, and
caesium. Monocrown 8 was found to favor 1 : 1 complexation with
potassium and rubidium cations.14 Monocrown 5 and biscrowns 9
and 10 were examined with respect to their complexation behavior
with potassium and sodium cations in acetone-d6.9,17,18 Potassium
and sodium thiocyanate were used as salts. Changes in chemical
shift (Dd (Hz)) of seven different protons [HI (X and Y), HII (A and
B), HIII, HIV, and HV) of 5, 9, and 10 upon addition of metal cation
was monitored with 1H NMR spectroscopy (Fig. 5, Table 3). The
change in chemical shift (Dd (Hz)) was screened during stepwise
increase of salt concentration up to 5 equivalents with respect to
a constant concentration of crown ether. The changes in chemical
shifts of protons HI–HV after addition of five equivalents of salt
are given in Table 3. Protons HI (XY part of ABXY system) and
HII (AB system) are aliphatic protons which are part of the large
six oxygen ring. HIII and HIV are aromatic protons attached to the
bisthioxanthylidene backbone. HV are aliphatic protons belonging
to the small four and five oxygen crown ether moieties of 9 and
10, respectively. Two of the four protons HV were detected as clear
and separate signals in 1H NMR spectra of 9 and 10 recorded in
acetone-d6. Protons at either side of the molecules were examined
which allowed distinction between cation complexation with the
large (HI–HIII) and small crown ether ring (HIV and HV).


Fig. 5 Crown ethers 5, 9, and 10 with relevant protons HI–HV.


Monocrown 5 showed preference for 1 : 1 complexation with
both potassium and sodium ions (entries 1 and 4, Table 3).
The equilibrium constants (K) for the favored 1 : 1 complexes
were determined straightforwardly18,19 although other dynamic
processes upon addition of potassium ions to 5 cannot be excluded.


As anticipated complexation of potassium ions (K = 5.9 × 103


M) with the six oxygen crown ether of 5 is favored over sodium
ions (K = 1.4 × 103 M). These equilibrium constants are of
identical magnitude compared to values found for complexation
of 15-crown-5 with sodium and potassium ions respectively.2b,20


However, they are much smaller than values found for complex-
ation of sodium and potassium with 18-crown-6.2b,20 This can
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be explained by the observation that increased rigidity in the
crown ether ring system, for example by replacing ethylene by
benzo moieties, reduces equilibrium constants for complexation
with metal cations.2b,21 The folded bisxanthylidene backbone4,5,6,16


features severe rigidity indeed and diminishes complexation ability.
Upon stepwise addition of 5 equivalents of salt the AB system of
protons HII(AB) gradually changed into an AM system22 while the
chemical environment of HI(X) changed considerably more than
that of HI(Y) (Table 3). The downfield shift of HII(A) of 67.7 (entry 1)
and 31.0 Hz (entry 4) versus an upfield shift of HII(B) of 5.5 (entry 1)
and 6.0 Hz (entry 4) is especially notable. These observations are
an evident sign of increasing rigidity of the six oxygen crown ether
moiety as a result of potassium and sodium complexation.


The capability of accommodating potassium did not increase
upon offering an extra four oxygen crown ether moiety (compound
9, entry 2). Addition of potassium to biscrown 9 resulted in a 1 : 1
crown : salt complex. Final shifts of protons HI–HIII were similar
compared to monocrown 5 indicating complexation of potassium
with the large crown ether moiety. Complexation with the small
crown was not favored since small additional shifts of only 2.9 Hz
were observed for protons HIV and HV. The equilibrium constant
of 6.3 × 103 M for this 1 : 1 complex is in line with the constant of
5.9 × 103 M found for 1 : 1 complexation of 5 with potassium
(entry 1). The situation changed significantly when the small
crown ether moiety was enlarged with an ethoxy unit (biscrown
10, entry 3). Compared to entry 2, shifts of protons HIV and HV


increased by 4.9 and 10.3 Hz, respectively, upon addition of 5
equivalents of salt indicating that the small crown ether moiety
now has reasonable capacity of binding potassium as well. The
titration curves suggest initial formation of a 2 : 3 crown–salt
complex. A complex comprising two biscrown compounds 10
which both accommodate one potassium ion in their large crown
rings and sandwich a third between their small crown moieties
is proposed here. The chemical shifts of protons HI–HIII moved
downfield up to addition of 2.5 equivalents of salt and remained
constant beyond this point. However, shifts of protons HIV and HV


moved downfield up to addition of 5 equivalents This observation
suggests that complexation of potassium with the small crown
ether ring is weaker than with the large one and that the 2 : 3 crown :
salt complex slowly tended towards a 1 : 2 crown–salt complex.


A different picture was seen for addition of sodium to biscrowns
9 and 10 (entries 5 and 6). In both cases a 1 : 1 crown–salt complex
was found with equilibrium constants (K) of 2.0 (9) and 1.1 ×
103 M (10), respectively. The downfield shifts of protons HI–HIII


of 9 and 10 are of identical magnitude compared to monocrown
5 (entry 4). Moreover, the equilibrium constants found for 9
and 10 are of similar dimension compared to the value found
for complexation of sodium with monocrown 5. These findings
indicate that sodium strongly favors complexation with the large,
six oxygen containing, crown ether ring over the smaller four and
five oxygen crown systems.


In all cases, potassium and sodium ions favor complexation with
the large six oxygen crown ether ring of compounds 5, 9, and 10 as
can be concluded from equal downfield shifts of protons HI (∼77
and 56 Hz), HII (∼68 and −5 Hz), and HIII (∼10 Hz) in entries 1–3
and in entries 4–6 (HI: ∼60 and ∼9 Hz; HII: ∼26 and −2 Hz; HIII:
∼6.5 Hz) upon addition of 5 equivalents of salt. The increasing
change in downfield shift of proton HIV in entry series 1–3 (4.2 →
12.0 Hz) and 4–6 (2.7 → 9.9 Hz) and of proton HV in entries
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2 & 3 (2.9 → 13.1 Hz) and 5 & 6 (2.1 → 3.9 Hz) is in line with
the increasing ability of cation accommodation at this side of the
bisthioxanthylidene backbone going from crown ether 5 to 10. In
conclusion, sodium and potassium ions selectively bind to the large
crown ether moiety of biscrown ether adduct 9 whereas sodium se-
lectively complexes with the large crown ether ring of biscrown 10.


Conclusions


Two new bisthioxanthylidene monocrown 5 and 6 and two new
bisthioxanthylidene biscrown ethers 9 and 10 were synthesized.
Biscrowns 9 and 10 both contain two crown ether moieties of
different size of which one exhibits (M)- and the other exhibits
(P)-helicity. Enantioresolution of monocrown ether compounds 7
and 8 and biscrowns 9 and 10 was achieved by chiral HPLC. UV
and CD spectroscopy confirmed stability of enantiomers at
ambient temperatures and absolute configurations were estab-
lished. Potassium and sodium complexes with monocrown 5 and
biscrowns 9 and 10 were observed. Favored crown : salt ratios and
equilibrium constants were determined. It was found that sodium
and potassium prefer complexation with the large six oxygen over
the small four and five oxygen crown ether moieties of biscrowns
9 and 10.


Experimental
1H (200, 400 MHz) and 13C (50 or 125 MHz) NMR spectra
were recorded in CDCl3 or DMSO-d6. Chemical shifts are
denoted in d (ppm) referenced to the residual protic solvents.
Column chromatography was performed on silica gel 60 PF254


under pressure. Procedures for synthesis of compounds 7,14 8,14


19,13,14 21.6 Supplementary information contains atom numbering
Schemes for compounds 5, 6, 24, 25, 28, 29, 32, 33, 9, and 10;
X-ray analysis of 9; chiroptical data of 7 and 8; procedures for
complexation experiments of compounds 5, 9, and 10; 1H and 13C
NMR-spectra of 5–10.


4-(Phenylsulfanyl)isophthalic acid 12


Under nitrogen, 4-bromoisophthalic acid 11b (8.00 g,
32.65 mmol), thiophenol 11a (3.59 g, 32.64 mmol), Cu-bronze
100 mg (1.57 mmol), and K2CO3 (14.00 g, 101.27 mmol) were
refluxed overnight in DMF (300 mL). After cooling, the mixture
was filtered and the residue was dissolved in water (250 mL). The
solution was carefully acidified with concentrated HCl (aq.) to
pH < 1. The product precipitated and was collected on a glass
filter. The product was thoroughly washed with water after which
it was dried at 100 ◦C in air to yield pure 12 (8.43 g, 30.76 mmol,
94%) as a white powder. 1H NMR (200 MHz, DMSO-d6, 25 ◦C)
d 13.28 (br, 2H, OH), 8.45 (s, 1H), 7.82 (d, J = 8.5 Hz, 1H),
7.54 (m, 5H), 6.76 (d, J = 8.5 Hz, 1H); 13C NMR (50 MHz,
DMSO-d6, 25 ◦C) d 166.34, 165.98, 147.53, 135.13, 132.30, 131.82,
131.44, 130.10, 129.60, 127.74, 127.31, 126.77; HRMS calcd for
C14H10O4S: 274.0230; found: 274.0306.


9-Oxo-9H-thioxanthene-2-carboxylic acid 13


Under nitrogen, 12 (8.00 g, 29.20 mmol) was refluxed in
dichloroethane (75 mL) and SOCl2 (50 mL) until the evolu-
tion of HCl gas had ceased (approximately 2 h). The mixture


was concentrated in vacuo and the residue was stripped twice
with dichloroethane (50 mL). The residue was dissolved in
dichloroethane (100 mL) and cooled to −5 ◦C after which AlCl3


(15.0 g, 112.5 mmol) was added carefully. The resulting black
mixture was stirred for 90 min at −5 ◦C. The reaction was
quenched by careful addition of water (100 mL). The product
was extracted with CH2Cl2 (twice 150 mL). The combined organic
layers were thoroughly washed with water, dried (Na2SO4), and
concentrated in vacuo to yield pure 13 (6.82 g, 26.61 mmol, 91%)
as a white powder. 1H NMR (200 MHz, DMSO-d6, 25 ◦C) d 9.32
(d, J = 2.2 Hz, 1H, 1-H), 8.60 (d, J = 8.4 Hz, 1H, 4-H), 8.20 (dd,
J = 8.4, 2.2 Hz, 1H, 3-H), 7.70–7.65 (m, 2H, 7-,8-H), 7.59–7.51
(m, 2H, 5-,6-H); 13C NMR (50 MHz, DMSO-d6, 25 ◦C) d 172.44
(s), 161.21 (s), 138.72 (s), 129.58 (s), 127.82 (d), 126.86 (d), 126.09
(d), 124.73 (s), 123.81 (d), 122.85 (s), 122.62 (s), 121.14 (d), 120.64
(d), 119.94 (d).


Cyclohexyl 9-oxo-9H-thioxanthene-2-carboxylate 14


Substrate 13 (5.70 g, 22.27 mmol) was refluxed for 24 h in
cyclohexanol (80 mL) and concentrated H2SO4 (0.75 mL). After
cooling, a precipitate began to form. n-Hexane (80 mL) was added
and the mixture was stirred for 5 min after which it was set aside
for one night at −12 ◦C. A white precipitate was collected on a
glass filter and the product was washed thoroughly with hot n-
hexane to get rid of remaining cyclohexanol. Product 14 (5.84 g,
17.28 mmol, 78%) was obtained as a white powder. 1H NMR
(200 MHz, CDCl3, 25 ◦C) d 8.92 (s, 1H, 1-H), 8.31 (d, J = 7.7 Hz,
1H, 4-H), 7.96 (d, J = 7.7 Hz, 1H, 3-H), 7.39 (m, 3H, 5-,6-,7-H),
7.27 (dd, J = 6.6, 1.5 Hz, 1H, 5-H), 4.78 (m, 1H, OCH(CH2)2),
1.69–1.07 (m, 10H, c-hexyl); 13C NMR (50 MHz, CDCl3, 25 ◦C)
d 177.96 (s), 163.48 (s), 140.36 (s), 135.01 (s), 131.15 (d), 130.80
(d), 129.84 (d), 128.46 (d), 127.62 (s), 127.36 (s), 125.33 (d), 124.66
(d), 124.55 (d), 124.36 (s), 72.31 (d), 30.17 (t), 23.92 (t), 22.28 (t);
HRMS calcd for C20H18O3S: 338.0977; found: 338.0980.


9,9-Dichloro-9H-thioxanthene-2-carboxylic acid cyclohexyl ester
15 and cis–trans-cyclohexyl 9-{2-[(cyclohexyloxy)-carbonyl]-9H-
thioxanthen-9-ylidene}-9H-thioxanthene-2-carboxylate 16


Under nitrogen, 14 (4.00 g, 11.83 mmol) was refluxed overnight
in oxalyl dichloride (40 mL). After cooling, the excess of oxalyl
dichloride was removed under reduced pressure. The residue (15)
was dissolved in freshly distilled p-xylene (100 mL, from sodium).
Activated Cu-bronze11 (4.50 g, 70.82 mmol) was added and this
mixture was refluxed overnight. After cooling, the mixture was
filtered and the filtrate concentrated in vacuo to yield a brownish
residue. Purification by column chromatography (SiO2, CH2Cl2–
n-hexane 1 : 1) yielded 16 (1.95 g, 3.03 mmol, 51%) as a light
yellow powder. Product 16 was obtained in a cis : trans ratio of 1 :
1. A small fraction of 16 was purified by column chromatography
(SiO2, CH2Cl2–n-hexane 1 : 1) to separate the cis and trans isomer
(Rf = 0.28 and Rf = 0.37). The two isomers were readily separated,
however, no cis : trans assignment was performed. 1H NMR
(200 MHz, CDCl3, 25 ◦C) (Rf = 0.28) d 7.81 (dd, J = 8.1, 1.7 Hz,
2H, 3-H), 7.60 (d, J = 8.1 Hz, 2H, 4-H), 7.54 (dd, J = 7.8, 1.5 Hz,
2H, 5-H), 7.42 (d, J = 1.7 Hz, 2H, 1-H), 7.17 (ddd, J = 7.8,
7.3, 1.5 Hz, 2H, 6-H), 6.93 (ddd, J = 7.8, 7.3, 1.2 Hz, 2H, 7-H),
6.84 (dd, J = 7.8, 1.2 Hz, 2H, 8-H), 4.81 (m, 2H, OCH(CH2)2),
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1.72–0.84 (m, 20H, c-hexyl); 13C NMR (50 MHz, CDCl3, 25 ◦C)
d 163.46 (s), 139.62 (s), 133.66 (s), 133.32 (s), 133.32 (s), 131.93
(s), 129.14 (d), 128.43 (d), 126.93 (s), 126.42 (d), 125.68 (d), 125.59
(d), 125.39 (d), 71.26 (d), 29.86 (t), 29.71 (t), 23.94 (t), 21.86 (t); 1H
NMR (200 MHz, CDCl3, 25 ◦C) (Rf = 0.37) d 7.83 (dd, J = 8.0,
1.7 Hz, 2H, 3-H), 7.59 (d, J = 8.0 Hz, 2H, 4-H), 7.52 (dd, J = 7.8,
1.5 Hz, 2H, 5-H), 7.50 (d, J = 1.7 Hz, 2H, 1-H), 7.14 (ddd, J = 7.8,
7.3, 1.5 Hz, 2H, 6-H), 6.91 (ddd, J = 1.2, 7.3, 7.8 Hz, 2H, 7-H),
6.78 (dd, J = 7.8, 1.2 Hz, 2H, 8-H), 4.86 (m, 2H, OCH(CH2)2),
1.73–1.27 (m, 20H, c-hexyl); 13C NMR (50 MHz, CDCl3, 25 ◦C)
d 163.63 (s), 139.67 (s), 133.84 (s), 133.35 (s), 133.20 (s), 131.94
(s), 129.42 (d), 128.10 (d), 126.96 (s), 126.25 (d), 125.79 (d), 125.55
(d), 125.46 (d), 124.66 (d), 71.12 (d), 29.81 (t), 29.66 (t), 23.95 (t),
21.68 (t).


cis–trans-{9-[2-(Hydroxymethyl)-9H-thioxanthen-9-ylidene]-9H-
thioxanthen-2-yl}-methanol 17 and cis–trans-2-(chloromethyl)-9-
[2-(chloromethyl)-9H-thioxanthen-9-ylidene]-9H-thioxanthene 18


Under nitrogen, LiAlH4 (0.60 g, 15.81 mmol) was suspended in
diethyl ether (20 mL). Substrate 16 (1.50 g of cis–trans mixture,
2.33 mmol) was added and this mixture was stirred overnight at
room temperature. To quench the reaction 2 M HCl (aq.) (20 mL)
was added and the two layers were transferred to a separatory
funnel. CH2Cl2 (100 mL) was added and the water and organic
layer were separated. The water layer was extracted twice with
CH2Cl2 (75 mL) and the combined organic layers were washed
three times with 2 M HCl (aq.), dried (Na2SO4), and concentrated
in vacuo to yield cis–trans-17 as a yellow powder. The product was
obtained as a cis–trans 1 : 1 mixture and the NMR data of one of
the isomers are given here. 1H NMR (200 MHz, DMSO-d6, 25 ◦C)
d 7.65 (dd, J = 7.7, 1.1 Hz, 2H, 5-H), 7.60 (d, J = 8.1 Hz, 2H,
4-H), 7.27–7.18 (m, 4H, 3-,6-H), 6.98 (ddd, J = 7.7, 7.3, 1.1 Hz,
2H, 7-H), 6.69 (d, J = 7.7 Hz, 2H, 8-H), 6.63 (d, 2H, J = 1.5 Hz,
1-H), 5.00 (t, J = 5.5 Hz, 2H, OH), 4.14 (d, J = 5.5 Hz, 4H,
PhCH2OH). Without further purification 17 was added to pure
SOCl2 (15 mL). After 3 h of stirring at room temperature, water
was added carefully to quench the reaction. The water layer was
extracted twice with CH2Cl2 (50 mL) and the combined organic
layers were washed twice with water (50 mL), dried (Na2SO4),
and concentrated in vacuo to yield an orange residue. Purification
by column chromatography (SiO2, n-hexane–CH2Cl2 1 : 1, Rf =
0.65) gave 18 (0.80 g, 1.64 mmol, 70%) as a cis–trans 1 : 1 mixture.
NMR data of one of the isomers is given here. 1H NMR (200 MHz,
CDCl3, 25 ◦C) d 7.52 (d, J = 8.1 Hz, 2H), 7.51 (d, J = 8.1 Hz, 2H),
7.14 (d, J = 8.1 Hz, 2H), 7.13 (dd, J = 8.1, 7.7 Hz, 2H), 6.92 (dd,
J = 7.7, 7.7 Hz, 2H), 6.81–6.74 (m, 4H), 4.21 (AB, JAB = 11.7 Hz,
Dm = 9.4 Hz, 4H, PhCH2Cl); 13C NMR (50 MHz, CDCl3, 25 ◦C)
d 134.47 (s), 134.16 (s), 133.91 (s), 133.82 (s), 133.76 (s), 131.87
(s), 128.55 (d), 128.3 (d), 125.98 (d), 125.68 (d), 125.61 (d), 125.49
(d), 124.43 (d), 44.27 (t); HRMS calcd for C28H18Cl2S2: 488.0227;
found: 488.0213.


15,18,21,24,27,30-Hexaoxa-9,36-dithiaheptacyclo-
[30.10.2.210,13.02,11.03,8.035,43.037,42]hexatetraconta-
1,3,5,7,10(46),11,13(45),32,34,37,39,41,43-tridecaene 5


Under nitrogen, KOtBu (276 mg, 2.46 mmol) was suspended in
toluene (100 mL) and this mixture was heated to 90 ◦C. A solution


of 18 (300 mg, 0.61 mmol) and pentaethylene glycol (146 mg,
0.61 mmol) in toluene (100 mL) was added very slowly (3 drops
per min). After addition, the reaction mixture was stirred for 90 h
at 90 ◦C. After cooling, the solvent was removed under reduced
pressure and the residue was dissolved in CH2Cl2 (15 mL) and
2 M HCl (aq.) (15 mL). After separation of the two layers the
water layer was extracted with CH2Cl2 (15 mL) and the combined
organic layers were washed with of 2 M HCl (aq.) (10 mL), dried
(Na2SO4), and concentrated in vacuo to yield a brown residue.
Purification by column chromatography (Al2O3, CH2Cl2–acetone
40 : 1 changing to CH2Cl2–acetone 8 : 1, Rf = 0.60 with CH2Cl2–
acetone 40 : 1 as eluent) gave pure racemic 5 (58 mg, 8.9 ×
10−2 mmol, 15%). 1H NMR (200 MHz, CDCl3, 25 ◦C) d 7.51
(d, J = 7.7 Hz, 2H, 7-,38-H), 7.50 (d, J = 8.1 Hz, 2H, 34-,46-H),
7.15 (d, J = 8.1 Hz, 2H, 33-,45-H), 7.10 (dd, J = 7.7, 7.3 Hz,
2H, 6-,39-H), 6.89 (dd, J = 7.7, 7.3 Hz, 2H, 5-,40-H), 6.79 (d,
J = 7.7 Hz, 2H, 4-,41-H), 6.73 (s, 2H, 12-,44-H), 4.23 (AB, JAB =
12.5 Hz, Dm = 19.4 Hz, 4H, 14-,31-H), 3.70–3.58 (m, 12H, 19–
26-H), 3.54 (AB part of ABXY system, apparent as ddd, J =
22.7, 10.3, 5.5 Hz, 4H, OCH2, 17-,28-H), 3.31 (XY part of ABXY
system, apparent as ddd, J = 22.7, 10.3, 5.5 Hz, 4H, OCH2, 16-
,29-H); 13C NMR (50 MHz, CDCl3, 25 ◦C) d 134.98 (s), 134.49
(s), 134.33 (s), 134.12 (s), 133.25 (s), 132.03 (s), 128.20 (d), 127.32
(d), 125.66 (d), 125.63 (d), 125.23 (d), 124.64 (d), 124.22 (d), 70.86
(t), 69.45 (t), 69.35 (t), 69.27 (t), 69.15 (t), 67.80 (t); HRMS calcd
for C38H38O6S2: 654.2110; found: 654.2124.


2-[2-(2-{2-[(9-Oxo-9H-thioxanthen-2-yl)oxy]ethoxy}-
ethoxy)-ethoxy]-9H-thioxanthen-9-one 20


Under a nitrogen atmosphere, 2-hydroxy-9H-thioxanthen-9-one
1913,14 (2.55 g, 11.18 mmol), K2CO3 (1.82 g, 13.18 mmol),
and triethylene glycol di-p-tosylate (2.41 g, 5.27 mmol) were
suspended/dissolved in DMF (250 mL). This mixture was refluxed
for 72 h and after cooling, the solvent was removed under reduced
pressure. The residue was dissolved in CH2Cl2 (150 mL) and 2 M
HCl (aq.) (150 mL). After separation of the two layers the water
layer was extracted with CH2Cl2 (50 mL). The combined organic
layers were washed (twice with 2 M HCl (aq.)), dried Na2SO4, and
concentrated in vacuo to yield a yellow residue. Purification by
column chromatography (Al2O3 (5% water), CHCl3–acetone 30 :
1) and subsequent recrystallization from CH2Cl2 yielded pure 20
(1.50 g, 2.63 mmol, 50%). 1H NMR (200 MHz, CDCl3, 25 ◦C) d
8.55 (dd, J = 8.4, 1.1 Hz, 2H, 8-H), 7.99 (d, J = 2.6 Hz, 2H, 1-H),
7.56–7.48 (m, 4H), 7.43–7.38 (m, 4H), 7.23 (dd, J = 8.8, 2.6 Hz,
2H, 3-H), 4.22 (t, J = 4.4 Hz, 4H, CH2CH2OPh), 3.89 (t, J =
4.4 Hz, 4H, OCH2CH2OPh), 3.75 (s, 4H, CH2OCH2CH2OPh);
13C NMR (50 MHz, CDCl3, 25 ◦C) d 178.00 (s), 156.01 (s), 135.95
(s), 130.42 (d), 128.57 (s), 128.29 (d), 127.72 (s), 127.01 (s), 125.74
(d), 124.50 (d), 124.41 (d), 121.55 (d), 109.64 (d), 69.42 (t), 68.15 (t),
66.29 (t); HRMS calcd for C32H26O6S2: 570.1171; found: 570.1172.


14,17,20,23-Tetraoxa-9,28-dithiaheptacyclo-
[22.10.2.210,13.02,11.03,8.027,35.029,34]octatriaconta-
1,3,5,7,10(38),11,13(37),24,26,29,31,33,35-tridecaene 6


Under nitrogen, 20 (1.40 g, 2.46 mmol) was refluxed overnight
in oxalyl dichloride (40 mL). After cooling, the excess of oxalyl
dichloride was removed under reduced pressure and the residue
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was dissolved in freshly distilled p-xylene (300 mL, from sodium).
Activated Cu-bronze11 (3.50 g, 55.00 mmol) was added and this
mixture was refluxed overnight. After cooling, the mixture was
filtered and the filtrate was concentrated in vacuo to yield a
brown residue. Purification by column chromatography (Al2O3


(3% water), CH2Cl2, Rf = 0.58) yielded pure racemic 6 (0.70 g,
1.30 mmol, 53%). 1H NMR (200 MHz, CDCl3, 25 ◦C) d 7.50 (d,
J = 7.7 Hz, 2H, 7-,30-H), 7.42 (d, J = 8.4 Hz, 2H, 26-,38-H), 7.10
(dd, J = 7.7, 1.5 Hz, 2H, 6-,31-H), 6.87 (dd, J = 7.7, 1.5 Hz, 2H,
5-,32-H), 6.81 (dd, J = 8.4, 2.9 Hz, 2H, 25-,37-H), 6.76 (d, J =
7.7 Hz, 2H, 4-,33-H), 6.44 (d, J = 2.9 Hz, 2H, 12-,36-H), 3.95–3.88
(m, 2H, 15-,22-H), 3.80–3.59 (m, 10H, CH2O, 15–22-H);13C NMR
(50 MHz, CDCl3, 25 ◦C) d 155.75 (s), 155.75 (s), 135.37 (s), 134.43
(s), 134.43 (s), 132.15 (s), 128.45 (d), 126.62 (d), 125.47 (d), 125.22
(d), 124.14 (d), 114.00 (d), 113.68 (d), 69.64 (t), 68.16 (t), 66.78 (t);
HRMS calcd for C32H26O4S2: 538.1272; found: 538.1260.


7-Hydroxy-9-oxo-9H-thioxanthene-2-carboxylic acid 22


Under nitrogen, 7-methoxy-9-oxo-9H-thioxanthene-2-carboxylic
acid 216 (16.00 g, 55.94 mmol) was suspended in CH2Cl2 (200 mL).
The mixture was cooled to 0 ◦C and BBr3 (25.0 mL, 0.26 mol) was
added carefully. The reaction temperature was allowed to raise
to room temperature and the mixture was stirred overnight. The
mixture was cooled to 0 ◦C and ice was added carefully to quench
the reaction. The suspension was filtered and the residue dissolved
in 2.5 M NaOH (aq.) (600 mL) during 1 h of vigorous stirring. The
resulting suspension was filtered and the filtrate was acidified to
pH = 1 with concentrated HCl (aq.). The product precipitated as
a yellow solid and after filtration the product was washed 4 times
with hot water. The product was dried at 100 ◦C in air to yield
22 (11.20 g, 41.17 mmol, 74%) as a brown powder. 1H NMR
(200 MHz, DMSO-d6, 25 ◦C) d 10.20 (br, 1H, COOH), 8.96 (d,
J = 1.8 Hz, 1H, 1-H), 8.14 (dd, J = 8.4, 1.8 Hz, 1H, 3-H), 7.91 (d,
J = 8.4 Hz, 1H, 4-H), 7.83 (d, J = 2.9 Hz, 1H, 8-H), 7.71 (d, J =
8.4 Hz, 1H, 5-H), 7.27 (dd, J = 8.4, 2.9 Hz, 1H, 6-H), 3.50 (br, 1H,
OH); 13C NMR (50 MHz, DMSO-d6, 25 ◦C) d 178.50 (s), 166.72
(s), 157.19 (s), 141.86 (s), 132.04 (d), 130.59 (d), 129.70 (s), 128.69
(s), 128.23 (d), 127.63 (s), 127.11 (d), 125.70 (s), 123.16 (d), 113.64
(d); HRMS calcd for C14H8O4S: 272.0143; found: 272.0157.


Cyclohexyl 7-hydroxy-9-oxo-9H-thioxanthene-2-carboxylate 23


Substrate 22 (11.00 g, 40.44 mmol) was suspended in cyclohexanol
(100 mL). Concentrated H2SO4 (1 mL) was added and this mixture
was refluxed overnight. After cooling, n-hexane (80 mL) was added
and this mixture was stirred for 5 min at room temperature and
then allowed to stand overnight at −12 ◦C. The orange precipitate
was collected on a glass filter and thoroughly washed with hot n-
hexane to get rid of cyclohexanol. After drying, pure 23 (11.78 g,
33.28 mmol, 82%) was obtained as a yellow powder. 1H NMR
(200 MHz, DMSO-d6, 25 ◦C) d 10.22 (br, 1H, OH), 8.93 (d, J =
1.8 Hz, 1H, 1-H), 8.13 (dd, J = 8.6, 1.8 Hz, 1H, 3-H), 7.91 (d,
J = 8.6 Hz, 1H, 4-H), 7.82 (d, J = 2.9 Hz, 1H, 8-H), 7.70 (d,
J = 8.8 Hz, 1H, 5-H), 7.26 (dd, J = 8.8, 2.9 Hz, 1H, 6-H), 4.98–
4.92 (m, 1H, OCH(CH2)2), 1.87–1.32 (m, 10H, CH2, c-hexyl); 13C
NMR (50 MHz, DMSO-d6, 25 ◦C) d 178.34 (s), 164.36 (s), 157.16
(s), 142.17 (s), 131.64 (d), 130.26 (d), 129.66 (s), 128.28 (d), 127.95
(s), 127.59 (s), 127.21 (d), 125.69 (s), 123.13 (d), 113.57 (d), 73.23


(d), 31.21 (t), 25.08 (t), 23.34 (t); HRMS calcd for C20H18O4S:
354.0926; found: 354.0945.


Cyclohexyl 7-(2-{2-[2-({7-[(cyclohexyloxy)carbonyl]-9-oxo-9H-
thioxanthen-2-yl}oxy)-ethoxy]-ethoxy}ethoxy)-9-oxo-9H-
thioxanthene-2-carboxylate 24


Under nitrogen, 23 (6.40 g, 18.07 mmol), Cs2CO3 (8.60 g,
26.39 mmol), and triethylene glycol di-p-tosylate (3.30 g,
7.20 mmol) were dissolved/suspended in DMF (250 mL). This
mixture was stirred at 65 ◦C for 80 h. After cooling, the solvent
was removed in vacuo and the residue was dissolved in CH2Cl2


(150 mL). The organic layer was washed with 2 M HCl (aq.)
(2 × 100 mL), dried (Na2SO4), and concentrated in vacuo to yield
a brown residue. Purification by column chromatography (Al2O3


(4.5% water), CH2Cl2–acetone 40 : 1, Rf = 0.72) yielded 24 (3.74 g,
4.55 mmol, 63%) as a yellow powder. 1H NMR (200 MHz, CDCl3,
25 ◦C) d 9.09 (d, J = 1.7 Hz, 2H, 1-H), 8.07 (dd, J = 8.6, 1.7 Hz,
2H, 3-H), 7.88 (d, J = 2.7 Hz, 2H, 8-H), 7.44 (d, J = 8.6 Hz, 2H,
4-H), 7.31 (d, J = 9.0 Hz, 2H, 5-H), 7.17 (dd, J = 9.0, 2.7 Hz, 2H,
6-H), 5.06–4.97 (m, 2H, OCH(CH2)2), 4.18 (t, J = 3.9 Hz, 4H,
CH2CH2OPh), 3.88 (t, J = 3.9 Hz, 4H, OCH2CH2OPh), 3.76 (s,
4H, CH2OCH2CH2OPh), 1.98–1.35 (m, 20H, CH2, c-hexyl); 13C
NMR (50 MHz, CDCl3, 25 ◦C) d 178.71 (s), 164.84 (s), 157.66 (s),
141.79 (s), 131.64 (d), 131.11 (d), 129.70 (s), 128.51 (s), 128.13 (s),
127.80 (s), 127.09 (d), 125.87 (d), 122.95 (d), 111.03 (d), 73.47 (d),
70.69 (t), 69.37 (t), 67.53 (t), 31.39 (t), 25.16 (t), 23.49 (t); HRMS
calcd for C46H46O10S2: 822.2532; found: 822.2535.


Cyclohexyl 7-[2-(2-{2-[2-({7-[(cyclohexyloxy)carbonyl]-9-oxo-9H-
thioxanthen-2-yl}oxy)-ethoxy]-ethoxy}ethoxy)ethoxy]-9-oxo-9H-
thioxanthene-2-carboxylate 25


See procedure for 24. 23 (6.40 g, 18.07 mmol), Cs2CO3 (10.00 g,
30.69 mmol), and tetraethylene glycol di-p-tosylate (3.65 g,
7.27 mmol) yielded 25 (4.29 g, 4.95 mmol, 68%) as a yellow powder
after purification by column chromatography (Al2O3 (4.5% water),
CH2Cl2–acetone 20 : 1). 1H NMR (200 MHz, CDCl3, 25 ◦C) d
9.15 (d, J = 1.8 Hz, 2H, 1-H), 8.13 (dd, J = 8.4, 1.8 Hz, 2H,
3-H), 7.96 (d, J = 2.9 Hz, 2H, 8-H), 7.52 (d, J = 8.4 Hz, 2H,
4-H), 7.40 (d, J = 8.6 Hz, 2H, 5-H), 7.24 (dd, J = 8.6, 2.9 Hz,
2H, 6-H), 5.06–4.97 (m, 2H, OCH(CH2)2), 4.20 (t, J = 4.4 Hz, 4H,
CH2CH2OPh), 3.87 (t, J = 4.4 Hz, 4H, OCH2CH2OPh), 3.72–3.67
(m, 8H, OCH2CH2OCH2CH2OPh), 2.12–1.32 (m, 20H, CH2, c-
hexyl); 13C NMR (50 MHz, CDCl3, 25 ◦C) d 178.82 (s), 164.85 (s),
157.76 (s), 141.81 (s), 131.71 (d), 131.18 (d), 129.82 (s), 128.60 (s),
128.18 (s), 127.91 (s), 127.15 (d), 125.92 (d), 123.03 (d), 111.12 (d),
73.47 (d), 70.63 (t), 70.52 (t), 69.32 (t), 67.64 (t), 31.39 (t), 25.16 (t),
23.48 (t); HRMS calcd for C48H50O11S2: 866.2794; found: 866.2795.


Dicyclohexyl 14,17,20,23-tetraoxa-9,28-dithiaheptacyclo-
[22.10.2.210,13.02,11.03,8.027,35.029,34]octa-triaconta-1,3,5,7,10(38),
11,13(37),24,26,29,31,33,35-tridecaene-5,32-dicarboxylate 28


Under nitrogen, 24 (3.00 g, 3.65 mmol) was refluxed in oxalyl
dichloride (70 mL) for 24 h. The excess of oxalyl dichloride was re-
moved under reduced pressure and the brown residue (crude gem-
dichloride 26) was dissolved in freshly distilled p-xylene (500 mL,
from sodium). Activated Cu-bronze11 (4.50 g, 70.82 mmol) was
added and this mixture was refluxed overnight. After cooling,


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 4101–4112 | 4109







the reaction mixture was filtered and the filtrate was concentrated
in vacuo to yield a brown residue. Purification by column chro-
matography (silica gel, CH2Cl2–n-hexane–acetone 60 : 15 : 2, Rf =
0.38) gave pure 28 (1.72 g, 2.18 mmol, 60%) as a yellowish powder.
1H NMR (200 MHz, CDCl3, 25 ◦C) d 7.76 (dd, J = 8.0, 1.5 Hz, 2H,
6-,31-H), 7.55 (d, J = 8.0 Hz, 2H, 7-,30-H), 7.39 (d, J = 8.8 Hz,
2H, 26-,38-H), 7.36 (d, J = 1.5 Hz, 2H, 4-,33-H), 6.82 (dd, J = 8.8,
2.6 Hz, 2H, 25-,37-H), 6.43 (d, J = 2.6 Hz, 2H, 12-,36-H), 4.82–
4.74 (m, 2H, OCH(CH2)2), 3.93–3.88 (m, 2H, OCH2, 15-,22-H),
3.74–3.55 (m, 10H, OCH2, 15-,22-H), 1.68–1.32 (m, 20H, CH2,
c-hexyl); 13C NMR (50 MHz, CDCl3, 25 ◦C) d 164.81 (s), 157.41
(s), 141.39 (s), 135.88 (s), 134.65 (s), 133.34 (s), 130.70 (d), 128.15
(s), 127.97 (d), 127.77 (d), 126.62 (d), 125.87 (s), 115.41 (d), 115.41
(d), 72.46 (d), 70.98 (t), 69.45 (t), 68.07 (t), 31.08 (t), 30.94 (t),
25.20 (t), 23.04 (t); HRMS calcd for C46H46O8S2: 790.2634; found:
790.2620.


Dicyclohexyl 14,17,20,23,26-pentaoxa-9,31-dithiaheptacyclo-
[25.10.2.210,13.02,11.03,8.030,38.032,37]hentetraconta-1,3,5,7,10(41),
11,13(40),27,29,32,34,36,38-tridecaene-5,35-dicarboxylate 29


See procedure for 28. Oxalyl dichloride (70 mL), 25 (3.50 g,
4.04 mmol), p-xylene (650 mL, from sodium), and activated Cu-
bronze11 (6.50 g, 102.14 mmol) gave pure 29 (2.40 g, 2.88 mmol,
71%) as a yellowish powder after purification by column chro-
matography (silica gel, CH2Cl2–acetone 30 : 1, Rf = 0.33); 1H
NMR (200 MHz, CDCl3, 25 ◦C) d 7.77 (dd, J = 8.0, 1.8 Hz, 2H,
6-,34-H), 7.56 (d, J = 8.4 Hz, 2H, 29-,41-H), 7.37 (d, J = 8.0 Hz,
2H, 7-,33-H), 7.36 (d, J = 1.8 Hz, 2H, 4-,36-H), 6.82 (dd, J = 8.4,
2.6 Hz, 2H, 28-,40-H), 6.40 (d, J = 2.6 Hz, 2H, 12-,39-H), 4.84–
4.74 (m, 2H, OCH(CH2)2), 3.81–3.47 (m, 16H, CH2O, 15-,25-H),
1.68–1.32 (m, 20H, CH2, c-hexyl); 13C NMR (50 MHz, CDCl3,
25 ◦C) d 164.80 (s), 157.36 (s), 141.32 (s), 135.84 (s), 134.48 (s),
133.32 (s), 130.56 (d), 128.19 (s), 127.98 (d), 127.78 (d), 126.64 (d),
126.03 (s), 116.25 (d), 114.63 (d), 72.48 (d), 70.71 (t), 70.63 (t),
68.98 (t), 67.97 (t), 31.07 (t), 30.93 (t), 25.18 (t), 23.04 (t); HRMS
calcd for C48H50O9S2: 834.2896; found: 834.2869.


[32-(Hydroxymethyl)-14,17,20,23-tetraoxa-9,28-dithiaheptacyclo-
[22.10.2.210,13.02,11.03,8.027,35.029,34]octatriaconta-1,3,5,7,10(38),
11,13(37),24,26,29,31,33,35-tridecaen-5-yl]methanol 30


Under nitrogen, LiAlH4 (0.40 g, 10.54 mmol) was suspended in
diethyl ether (100 mL). Substrate 28 (2.50 g, 3.16 mmol) was
added and this suspension was stirred at room temperature for
5 h. The solvent was removed under reduced pressure and the
residue was dissolved in CH2Cl2 (150 mL) and 2 M HCl (aq.)
(100 mL). After separation of the two layers the water layer was
extracted once with CH2Cl2 (50 mL) and the combined organic
layers were washed (2 M HCl (aq.) (100 mL)), dried (Na2SO4), and
concentrated in vacuo to yield a yellow residue. The residue was
washed with n-hexane to remove cyclohexanol. Pure 30 (1.80 g,
3.01 mmol, 95%) was obtained as a yellow powder. 1H NMR
(200 MHz, DMSO-d6, 25 ◦C) d 7.53 (d, J = 2.6 Hz, 2H, 7-,30-
H), 7.51 (d, J = 2.6 Hz, 2H, 6-,31-H), 7.15 (d, J = 8.4 Hz, 2H,
26-,38-H), 6.88 (dd, J = 8.4, 2.6 Hz, 2H, 25-,37-H), 6.52 (s, 2H,
4-,33-H), 6.26 (d, J = 2.6 Hz, 2H, 12-,36-H), 4.91 (t, J = 5.1 Hz,
2H, OH), 4.07 (d, J = 5.1 Hz, 4H, PhCH2OH), 4.03–3.98 (m,
2H, OCH2, 15-,22-H), 3.60–3.48 (m, 10H, OCH2, 15-,22-H); Due


to low solubility no 13C NMR was recorded. HRMS calcd for
C34H30O6S2: 598.1483; found: 598.1472.


[35-(Hydroxymethyl)-14,17,20,23,26-pentaoxa-9,31-
dithiaheptacyclo[25.10.2.210,13.02,11.03,8.030,38.032,37]hentetraconta-
1,3,5,7,10(41),11,13(40),27,29,32,34,36,38-tridecaen-5-yl]-
methanol 31


See procedure for 30. LiAlH4 (0.45 g, 11.86 mmol) and 29 (2.40 g,
2.88 mmol) yielded pure 31 (1.70 g, 2.65 mmol, 92%) as a yellow
powder. 1H NMR (200 MHz, DMSO-d6, 25 ◦C) d 7.59 (d, J =
2.6 Hz, 2H, 29-,41-H), 7.57 (d, J = 2.6 Hz, 2H, 28-,40-H), 7.20 (d,
J = 8.4 Hz, 2H, 7-,33-H), 6.95 (dd, J = 8.4, 2.6 Hz, 2H, 6-,34-H),
6.60 (s, 2H, 12-,39-H), 6.28 (d, J = 2.6 Hz, 2H, 4-,36-H), 4.97
(t, J = 5.1 Hz, 2H, OH), 4.10 (d, J = 5.1 Hz, 4H, PhCH2OH),
3.96–3.80 (m, 2H, OCH2, 15-,25-H), 3.65–3.40 (m, 14H, OCH2,
15-,25-H); 13C NMR (50 MHz, DMSO-d6, 25 ◦C) d 154.33 (s),
137.57 (s), 133.73 (s), 131.93 (s), 130.54 (s), 130.41 (s), 125.64 (d),
125.01 (d), 124.07 (d), 123.52 (s), 122.87 (d), 113.08 (d), 111.87
(d), 67.54 (t), 67.49 (t), 65.79 (t), 65.16 (t), 59.72 (t); HRMS calcd
for C36H34O7S2: 642.1746; found: 642.1748.


5,32-Bis(chloromethyl)-14,17,20,23-tetraoxa-9,28-
dithiaheptacyclo[22.10.2.210,13.02,11.03,8.027,35.029,34]octatriaconta-
1,3,5,7,10(38),11,13(37),24,26,29,31,33,35-tridecaene 32


Under nitrogen, 30 (1.48 g, 2.47 mmol) was added in one portion
to pure SOCl2 (15 mL). The deep red solution was stirred for 3 h
at room temperature. Water was added carefully to quench the
reaction and subsequently CH2Cl2 (50 mL) was added. The water
layer and organic layer were separated and the water layer was once
extracted with CH2Cl2 (15 mL). The combined organic layers were
washed with water (2 × 50 mL), dried (Na2SO4), and concentrated
in vacuo to yield pure 32 (1.33 g, 2.10 mmol, 85%) as a yellow
powder. 1H NMR (200 MHz, CDCl3, 25 ◦C) d 7.50 (d, J = 8.0 Hz,
2H, 7-,30-H), 7.41 (d, J = 8.6 Hz, 2H, 26-,38-H), 7.13 (dd, J = 8.0,
1.8 Hz, 2H, 6-,31-H), 6.82 (dd, J = 8.6, 2.9 Hz, 2H, 25-,37-H),
6.69 (d, J = 1.8 Hz, 2H, 4-,33-H), 6.42 (d, J = 2.9 Hz, 2H,
12-,36-H), 4.20 (AB, JAB = 11.5 Hz, Dm = 7.4 Hz, 4H, PhCH2Cl),
3.95–3.89 (m, 2H, OCH2, 15-,22-H), 3.79–3.58 (m, 10H, OCH2,
15-,22-H);13C NMR (50 MHz, CDCl3, 25 ◦C) d 157.28 (s), 136.19
(s), 135.45 (s), 135.10 (s), 133.31 (s), 130.06 (d), 128.01 (d), 127.22
(d), 127.09 (d), 126.40 (s), 115.36 (d), 115.24 (t), 70.99 (t), 69.46
(t), 68.09 (t), 45.56 (t); HRMS calcd for C34H28O4S2Cl2: 634.0806;
found: 634.0804.


5,35-Bis(chloromethyl)-14,17,20,23,26-pentaoxa-9,31-
dithiaheptacyclo[25.10.2.210,13.02,11.03,8.030,38.032,37]hentetraconta-
1,3,5,7,10(41),11,13(40),27,29,32,34,36,38-tridecaene 33


See procedure for 32. SOCl2 (15 mL) and 31 (1.52 g, 2.37 mmol)
yielded pure 33 (1.44 g, 2.12 mmol, 89%) as a yellow powder. 1H
NMR (200 MHz, CDCl3, 25 ◦C) d 7.50 (d, J = 8.0 Hz, 2H, 7-,33-
H), 7.41 (d, J = 8.8 Hz, 2H, 29-,41-H), 7.13 (dd, J = 8.0, 1.8 Hz,
2H, 6-,34-H), 6.82 (dd, J = 8.8, 2.6 Hz, 2H, 28-,40-H), 6.71 (d,
J = 1.8 Hz, 2H, 4-,36-H), 6.39 (d, J = 2.6 Hz, 2H, 12-,39-H),
4.21 (AB, JAB = 11.4 Hz, Dm = 11.4 Hz, 4H, PhCH2Cl), 3.83–3.49
(m, 16H, OCH2, 15-,25-H); 13C NMR (50 MHz, CDCl3, 25 ◦C) d
157.23 (s), 136.14 (s), 136.14 (s), 135.31 (s), 135.11 (s), 133.28 (s),
129.94 (d), 128.03 (d), 127.26 (d), 127.09 (d), 126.53 (s), 116.04
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(d), 114.63 (d), 70.74 (t), 70.64 (t), 69.01 (t), 68.00 (t), 45.53 (t);
HRMS calcd for C34H28O4S2Cl2: 678.1068; found: 678.1076.


8,11,14,17,30,33,36,39,42,45-Decaoxa-52,54-dithiaoctacyclo-
[45.3.1.13,7.14,50.118,22.121,25.124,28.02,23]hexapentaconta-1(51),2(23),
3(56),4,6,18,20,22(55),24(53),25,27,47,49-tridecaene 9


Under nitrogen, KOtBu (274 mg, 2.44 mmol) was suspended in
toluene (80 mL). The mixture was heated to 90 ◦C. At a very slow
rate (3 drops per min) a solution of 32 (384 mg, 0.61 mmol) and
pentaethylene glycol (144 mg, 0.60 mmol) in toluene (160 mL)
was added. After addition, the mixture was stirred for another
60 h at 90 ◦C. After cooling, the solvent was removed to yield
an orange residue which was dissolved in CH2Cl2 (40 mL). The
organic layer was washed (4 × 25 mL 1 M HCl (aq.)), dried
(Na2SO4), and concentrated in vacuo. The residue was purified
by column chromatography (Al2O3, (3% water), CH2Cl2–acetone
20 : 1, Rf = 0.30) to yield pure racemic 9 (139 mg, 0.17 mmol,
28%) as an orange solid. kmax (n-hexane–i-propanol 9 : 1)/nm 214
(e/dm3 mol−1 cm−1 68400), 236 (33500), 271 (17100), 368 (7400);
1H NMR (400 MHz, CDCl3, 25 ◦C) d 7.47 (d, J = 8.1 Hz, 2H,
26-,49-H), 7.40 (d, J = 8.8 Hz, 2H, 5-,20-H), 7.13 (dd, J = 8.1,
1.1 Hz, 2H, 27-,48-H), 6.79 (dd, J = 8.8, 2.6 Hz, 2H, 6-,19-H),
6.69 (d, J = 1.1 Hz, 2H, 51-,53-H), 6.41 (d, J = 2.6 Hz, 2H, 55-
,56-H), 4.20 (AB, JAB = 12.8 Hz, Dm = 22.2 Hz, 4H, PhCH2O,
29-,46-H), 3.90 (ddd, J = 11.6, 5.2, 2.1 Hz, 2H, OCH2, 9-,16-
H), 3.77–3.57 (m, 22H, OCH2, 9–16-H, 34–41-H), 3.54 (AB part
of ABXY system, 2 × ddd, J = 10.6, 6.0, 4.1 Hz, 4H, OCH2,
32-,43-H), 3.27 (XY part of ABXY system, 2 × ddd, J = 10.6,
6.0, 4.1 Hz, 4H, OCH2, 31-,44-H); 13C NMR (50 MHz, CDCl3,
25 ◦C) d 157.29 (s), 136.80 (s), 136.45 (s), 136.04 (s), 135.20 (s),
133.70 (s), 129.03 (d), 128.23 (d), 127.11 (d), 127.01 (s), 126.27
(d), 115.42 (d), 115.17 (d), 72.41 (t), 71.21 (t), 71.05 (t), 70.94 (t),
70.86 (t), 70.73 (t), 69.71 (t), 69.29 (t), 68.30 (t); HRMS calcd for
C44H48O10S2: 800.2688; found: 800.2696. Chiral HPLC analysis;
Daicel OD column, n-hexane–i-propanol 9 : 1, retention times: 13
(P) and 19 min (M).


8,11,14,17,20,33,36,39,42,45,48-Undecaoxa-55,57-dithiaocta


cyclo[48.3.1.13,7.14,53.121,25.124,28.127,31.02,26]nonapentaconta-1(54),
2(26),3(59),4,6,21,23,25(58),27(56),28,30,50,52-tridecaene 10


See procedure for 9. Substrate 33 (1.44 g, 2.12 mmol), pentaethy-
lene glycol (0.51 g, 2.52 mmol), KOtBu (0.95 g, 8.47 mmol), and
toluene (150 mL) yielded pure racemic 10 (0.61 g, 0.72 mmol, 34%)
as an orange solid after purification by column chromatography
(Al2O3, (5% water), starting with CH2Cl2–acetone 20 : 1 (Rf =
0.10) changing to CH2Cl2–acetone 10 : 1) kmax (n-hexane)/nm 236
(e/dm3 mol−1 cm−1 36000), 271 (15700), 364 (6800); 1H NMR
(400 MHz, CDCl3, 25 ◦C) d 7.45 (d, J = 7.7 Hz, 2H, 29-,52-H),
7.37 (d, J = 8.4 Hz, 2H, 5-,23-H), 7.11 (dd, J = 7.7, 1.5 Hz, 2H,
30-,51-H), 6.76 (dd, J = 8.4, 2.6 Hz, 2H, 6-,22-H), 6.67 (d, J =
1.5 Hz, 2H, 54-,56-H), 6.35 (d, J = 2.6 Hz, 2H, 58-,59-H), 4.18
(AB, JAB = 12.6 Hz, Dm = 20.4 Hz, 4H, PhCH2O, 32-,49-H), 3.78
ddd, J = 10.4, 5.1, 2.9 Hz, 2H, OCH2, 9-,19-H), 3.75–3.60 (m,
26H, OCH2, 9–19-H, 44 − 37-H), 3.55 (AB part of ABXY system,
2 × ddd, J = 10.6, 6.0, 4.1 Hz, 4H, OCH2, 35-,46-H), 3.28 (XY
part of ABXY system, 2 × ddd, J = 10.6, 6.0, 4.1 Hz, 4H, OCH2,
34-,47-H); 13C NMR (125 MHz, CDCl3, 50 ◦C) d 157.14 (s), 136.65


(s), 136.36 (s), 135.66 (s), 134.95 (s), 133.49 (s), 128.61 (d), 127.90
(d), 127.02 (s), 126.81 (d), 125.96 (d), 115.70 (d), 114.79 (d), 72.21
(t), 70.82 (t), 70.82 (t), 70.76 (t), 70.76 (t), 70.68 (t), 70.52 (t), 69.25
(t), 69.25 (t), 68.13 (t); HRMS calcd for C46H52O12S2: 844.2950;
found: 844.2948. Chiral HPLC analysis; Daicel AD column, n-
hexane–i-propanol–chloroform 8 : 1 : 1, retention times: 15 (P)
and 23 min (M).
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In model studies towards the quaternary centre at the heart of diazonamide A (early structure 2; revised
structure 1), cyclisations of the alkene-substituted iodoaryls 4, 13, 18 and 23, under Heck reaction
conditions, were shown to lead to the corresponding benzodihydrofuran 5, benzofuranone 14 and the
oxindoles 19 and 24 respectively, in 50–80% yield. Further manipulation of the benzodihydrofuran 5
then led to the intermediates 30, 33 and 39, which make up parts of the oxazole–indole heterocyclic
core in diazonamide A. Attempts to perform a corresponding 13-exo-trig Heck cyclisation from the
precursor 46a, prepared from 44 and 45, leading to 47 were not successful. A similar outcome was
obtained during attempts to effect Heck cyclisations from the ester 57 and the related ether 59.
Treatment of the chromene-substituted iodoaryl 62 with Pd(OAc)2, PPh3 and Ag2CO3 led to the
spirocycle 64 as a crystalline solid. X-Ray crystal structure analysis established that the quaternary
centre in 64 had the same configuration as that present in diazonamide A (1).


Introduction


The indole–oxazole-based cyclopeptide diazonamide A (1), iso-
lated from the ascidian (“sea squirt”) Diazona angulata, has been
a natural product of intrigue, structural controversy and, above
all, synthetic challenge ever since it was reported in the literature
in 1991.1 Diazonamide A displays potent cytotoxicity towards
human colon carcinoma and B-16 murine melanoma cells in vitro,
with IC50 < 15 ng mL−1.2 In 1991, diazonamide A was originally
assigned as structure 2.1 However, almost exactly ten years later,
Harran et al. synthesised this compound only to find that the
assigned structure was incorrect.3 A reinterpretation of the X-
ray and spectroscopic data led to the newly assigned structure 1.4


In contemporaneous studies, first Nicolaou,5 and then Harran6


and their respective collaborators described elegant solutions to
the total synthesis of this intriguing and formidable secondary
metabolite.


Since it was first described, diazonamide A has enticed a number
of synthetic chemists, challenged by its fascinating and unusual
structure.7 We were one such group, perhaps influenced at the
time by our contemporaneous synthetic studies towards other
oxazole-based natural products8 and our interests in applications
of transition-metal-mediated sp2–sp2 alkene coupling reactions in
synthesis.9 In this paper, we draw together, and describe, some
studies we have made to develop a route to the quaternary centre
linking the two aryl rings and one of the oxazoles to the aminal-
bearing carbon centre in diazonamide A, based specifically on
the ubiquitous Heck reaction. We also summarise studies we have
made to elaborate the heterocyclic core in diazonamide A using
related Pd(0)-mediated alkene coupling reactions.10


School of Chemistry, The University of Nottingham, Nottingham, NG7 2RD,
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Results and discussion


Analytical disconnections based on the Heck and related coupling
reactions


In other, earlier, studies we developed the scope for cobalt(I)-
mediated oxidative carbon-to-carbon bond coupling reactions,11


and also the Stille reaction, in the synthesis of a range of
natural products, e.g. thienamycin,12a forskolin,12b rhizoxin D,8b


deoxylophotoxin,12c anhydropristinamycin,12d and amphidinolide
A.12e We also examined, and compared, the scope for cobalt(I)-
and Pd(0)-mediated (i.e., Heck reaction), and the Heck and Stille
reactions in sp2–sp2 alkene coupling reactions in synthesis, includ-
ing natural product synthesis.13 With this background, we felt that
a useful approach to both the quaternary centre and to the hetero-
cyclic core in diazonamide A could be developed based on the key
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disconnections highlighted on structure 3.14 In broad terms, the
disconnections focused on the quaternary centre in diazonamide A
translate to: (i) two similar Heck reactions, i.e., disconnections (b)
and (c) involving aryl rings B or C, and (ii) a Heck, or similar
coupling reaction with the oxazole ring A, disconnection (a),
and appropriate alkene substrates. The other oxazole/indole/aryl
disconnections are more obvious. We have focussed on most
of these key disconnections using both structure 2, the earlier
proposed structure for diazonamide A, and the correct structure 1.


The Pd(0)-mediated coupling reaction of an aryl or vinyl iodide
with an alkene, to create a new carbon-to-carbon bond, described
by Heck in 1968, has become one of the most revered reactions
in contemporary organic synthesis.15–17 There is no doubt that
the pioneering work of Heck16 laid the platform for other related
Pd(0)-mediated coupling reactions, including Stille (organostan-
nanes), Suzuki (organoboronic acids), Hiyama (organosilanes),
Kumada (organonickels) and Negishi (organozincs) couplings.
The outstanding potential for the Heck reaction is perhaps
nowhere better illustrated than its use in an intramolecular fashion
in the construction of quaternary carbon centres. Furthermore,
this feature of the reaction is nowhere better demonstrated than in
the elegant work of Overman and his co-workers,17 particularly in
target natural product synthesis. The regioselectivity of simple, in-
termolecular Heck reactions is controlled by steric factors, with the
new carbon-to-carbon bond being formed at the least-substituted
end of the alkene bond.16 However, in the formation of small rings
via the Heck reaction, conformational constraints override steric
factors and, in the cases of 5-, 6- and 7-ring constructions, exo-
modes of cyclisation predominate.15d With the quaternary centre
in diazonamide A as our focus, we have designed a number of
substrates and used several Heck reaction conditions to access
products from both exo- and endo-modes of macrocyclisation for
further possible elaboration to more advanced precursors to the
natural product.


5-Exo-trig cyclisations of the substituted iodoaryls 4, 13, 18 and
23, under Heck reaction conditions, leading to to 5, 14, 19 and 24
respectively


In our earliest investigations, with the diazonamide A structure 2
in mind, we examined the intramolecular Heck reaction from the
alkene-substituted iodobenzene 4, i.e., disconnection (b) in struc-
ture 3. We anticipated that this reaction would lead largely to the
benzodihydrofuran product 5, via a 5-exo mode of cyclisation.14


Furthermore, we expected to be able to elaborate the alkene unit
in 5 to an oxazole, and also carry out sp2–sp2 coupling reactions
of 5 to 5-substituted indoles, allowing access to an advanced
model compound, i.e. 6, towards the diazonamide A structure
2. We therefore prepared the alkene-substituted iodobenzene 4
from 2,6-dibromophenol in four straightforward steps, shown
in Scheme 1. Lithium–bromide exchange in 2,6-dibromophenol,
followed by a quench with TMSCl, first gave the arylsilane 7.
Alkylation of 7 with 2-bromoacetophenone in the presence of
Na2CO3 next gave 8a, which was then converted into the iodide
8b using AgBF4 and iodine. Finally, a Wittig reaction between the
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Scheme 1 Reagents and conditions: i) NaH, ClSiMe3, 0 ◦C, then nBuLi,
THF, −78 ◦C, 99%; ii) PhCOCH2Br, Na2CO3, MeCN, 64% (recovered 7,
27%); iii) AgBF4, I2, MeOH, 95%; iv) nBuLi, EtP+Ph3 Br−, then 8b, 98%
3 : 1 E/Z; v) Pd(OAc)2, PPh3, Ag2CO3, 80 ◦C, 4 days, 72%.


ketone 8b and the ylide, derived from ethyltriphenylphosphonium
bromide, gave the alkene 4 as a 3 : 1 mixture of Z- and E-isomers.
When the iodoalkene 4 was treated with Pd(OAc)2 in DMF at
80 ◦C, in the presence of Ag2CO3 and PPh3, for 4 days (i.e.
under Heck conditions)15 a facile 5-exo-trig cyclisation ensued,
producing the expected benzodihydrofuran 5 in 72% yield. In a
similar manner, the more elaborate tyrosine-substituted substrate
13, derived from the vinylstannane 10 and the aryl iodide 11 via
the carboxylic acid 12b (Scheme 2), underwent an intramolecular
5-exo-trig Heck cyclisation, using Pd2(dba)3 and Ag3PO4, leading
to the corresponding benzofuranone 14, albeit in a more modest
yield of 49%. Finally, with the correct diazonamide A structure
1 in mind, we showed that the amide analogues 18 and 23 of
the ester 13 underwent similar Heck cyclisations leading to the
corresponding oxindoles 19 and 24 respectively, in reasonable
yields. The amide 18 was prepared from 2-benzyloxyphenylacetic
acid 15 following deprotonation and alkylation with acetaldehyde
to 16a, esterification and dehydration to 17 and, finally, coupling
with 2-iodoaniline (Scheme 3). The chiral oxazolidine anilide
23 was elaborated from the aryl iodide 21, prepared from the
substituted tyrosine 20b, following a Stille coupling reaction with
methyl E-2-(trimethylstannyl)but-2-enoate, leading to 22, and an
amide bond forming reaction with 2-iodoaniline in the presence
of trimethylaluminium (Scheme 4). Interestingly, the free amine


Scheme 3 Reagents and conditions: i) LDA, THF, −78 ◦C, then CH3CHO,
92%; ii) CH3COCl, MeOH, 84%; iii) MeSO2Cl, DBU, 97% 2 : 1 E/Z;
iv) AlMe3, 2-iodoaniline, 0–40 ◦C, 70%; v) (Boc)2O, DMAP, iPr2NEt,
83%; vi) Pd2(dba)3, PPh3, Ag3PO4, DMA, 90 ◦C, 66%.


18a corresponding to 18b failed to undergo a Heck cyclisation,
and only one diastereomer of the oxindole 24 was produced in the
cyclisation of 23 (76%).


Although we were not able to achieve an enantioselective Heck
cyclisation of the substrate 4,14 we did separate the enantiomers
of the racemic acid 25b, produced after ozonisation of the alkene
5. Thus, the racemic acid was converted into a mixture of the
corresponding diastereoisomeric a-methylbenzylamides 26, one
of which was obtained as colourless crystals (Scheme 5). X-Ray
crystallographic analysis established that the quaternary centre in
the more polar, crystalline benzylamide (Fig. 1) had the opposite
configuration to that present in diazonamide A. Hydrolysis of the
less polar benzylamide 26 gave the S-carboxylic acid 27, having
the same configuration present in natural diazonamide A (1).


Elaboration of 5 to the heterocyclic units 30, 33 and 39 in
diazonamide A


Having secured a satisfactory synthesis of the substituted ben-
zodihydrofuran 5, the feasibility of converting it into parts of
the heterocyclic core, i.e. 6, in the diazonamide A structure 2
was then explored. Thus, we first examined the conversion of 5


Scheme 2 Reagents and conditions: i) Me3SiCH2CH2OH, DCC, DMAP; ii) Pd(OAc)2, PPh3, Bu3SnH, 85% (over 2 steps); iii) 10, Ph3As, CuI, NMP,
Pd/C, 55%; iv) TBAF, THF, 0–5 ◦C, 63%; v) EDCI, then 2-bromo-6-iodophenol, DMAP, 60%; vi) Pd2(dba)3, dppp, Ag3PO4, Bu4NBr, 90–95 ◦C, 49%.
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Scheme 4 Reagents and conditions: i) K2CO3, PhCH2Br, DMF, 90%; ii) LiBH4, THF, 93%; iii) BF3·OEt2, Me2C(OMe)2, 90%; iv) Ph3As, Pd2(dba)3,
CuI, E-MeCH=C(SnBu3)CO2Me, NMP, 76%; v) AlMe3, 2-iodoaniline, CH2Cl2, 0–40 ◦C, 74%; vi) NaHMDS, Me3SiCH2CH2OCH2Cl, THF, 90%;
vii) Pd2(dba)3, PPh3, Ag3PO4, DMA, 90 ◦C, 77%.


Scheme 5 Reagents and conditions: i) O3, PPh3, 84%; ii) NaClO2, K2HPO4,
Me2C=CHCH3, 85%; iii) SOCl2, D, 93%; iv) S-(−)-a-methylbenzylamine,
Et3N, chromatography, 92% (S : R, 1 : 1); v) 26b, pTSA, toluene, D, 83%;
vi) aq. KOH, 84% (70% over two steps).


Fig. 1 X-Ray crystal structure of the a-methylbenzylamide 26b.


into the oxazole-substituted benzodihydrofuran 30 as a prelude to
preparing the macrocyclic bis-oxazole indole 34. Oxidative cleav-
age of 5 first gave the aldehyde 25a which, on treatment with ethyl
diazoacetate in the presence of ZrCl4


18 at 0 ◦C, was converted into
the corresponding b-keto ester 28 in 84% yield. In an alternative
sequence, the b-keto ester 28 was produced from the carboxylic
acid 25b following reaction of the corresponding imidazolide with
magnesium ethoxycarboxylacetate.19 The b-keto ester 28 was then
converted into the oxime 29a which, on reduction with zinc dust
in acetic acid, produced the a-amino b-keto ester derivative 29b,
the precursor to the acetamide 29c. The same amide 29c could


also be produced from 28, via a more lengthy procedure following:
i) deprotonation and bromination, leading to 29d, followed by
ii) azide 29e formation and reduction to the amine 29b, using
triphenylphosphine, and finally iii) acylation of 29b, using acetyl
chloride. Cyclodehydration of 29c, using Ph3P–I2–NEt3,20 then
gave the oxazole benzodihydrofuran 30a in 89% yield. Hydrolysis
of 30a to the corresponding carboxylic acid 30b, followed by acid
chloride formation and reaction with the substituted 5-iodoindole
31, gave the keto amide 32. The keto amide 32 was then con-
verted into the benzodihydrofuran–indole-substituted bis-oxazole
intermediate 33 by straightforward treatment with Et3N–Ph3P
in hexachloroethane (Scheme 6). Disappointingly, in spite of a
number of attempts we were not able to achieve the intramolecular
Ullmann coupling of 33 to the aromatic core 34 of diazonamide
A under a range of conditions, e.g. Stille, nickel catalysis. Either
the starting material or the product of reduction of the carbon-to-
iodine bond in the indole ring of 33 was recovered. We therefore
turned to the use of the corresponding Suzuki reaction, and found
that the coupling reaction of the boronic acid 35, derived from
5, with the substituted 5-bromoindole 36,21 gave a satisfactory
80% yield of the benzodihydrofuran–indole 37a (Scheme 7).
Cleavage of the TIPS ether group in 37a, followed by oxidation
of the resulting alcohol then gave the corresponding aldehyde.
A Still–Gennari olefination22 reaction between this aldehyde
and bis(2,2,2-trifluoroethylmethoxycarbonylmethyl)phosphonate
then produced the Z-alkenoate 38. Hydrolysis of the ester group
and deprotection of the Boc group in 38, followed by macrolac-
tamisation of the resulting amino acid in the presence of DPPA–
iPr2NEt gave the macrolactam 39. Frustratingly, however, we were
not able to oxidise the benzylic methylene unit in 39 to the corre-
sponding keto amide precursor en route to the oxazole–indole 40.


Examination of the 13-exo-trig Heck cyclisation of 46a to the
macrolactam 47


Encouraged by the outcome of the aforementioned 5-exo-trig
Heck cyclisations, leading to the products 5, 14, 19 and 24,
we next decided to examine the more ambitious Heck reaction
from the precursor 46a i.e. disconnection (c) on structure 3. In
contemporaneous work, Harran et al.23 had studied the Heck
cyclisation of the lower homologue 46b and showed that it gave the
product 48b, resulting from a 13-endo-trig cyclisation. However,
we felt that the presence of the additional methyl group on
the alkene bond in 46a, in combination with the electronically
controlled Heck reaction conditions developed by Cabri et al.24
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Scheme 6 Reagents and conditions: i) O3, PPh3, 84%; ii) EtO2CCHN2, ZrCl4, 84%; iii) NaNO2, HOAc, 28 → 29a, 94%; iv) Zn, HOAc; v) AcCl, Et3N,
0 ◦C → rt, 29a → 29b → 29c, 71%; vi) NaH, Br2, 28 → 29d, 99%; vii) NaN3, DMF, 0 ◦C, 79%; viii) PPh3, THF, 75%; ix) Et3N, PPh3, I2, 86%; x) LiOH,
MeOH, H2O, 98%; xi) (COCl)2, then 31, 60%; xii) Et3N, PPh3, 81%.


Scheme 7 Reagents and conditions: i) O3, CH2Cl2, −78 ◦C,
then O2–MeOH, then NaBH4, 61%; ii) iPr3SiCl, Im, DMF, 83%;
iii) BuLi, B(OMe)3, THF, 99%; iv) Pd(PPh3)4, K2CO3, 36, 80%;
v) TBAF, THF, rt → 60 ◦C, 91%; vi) PySO3, Et3N, DMSO, 82%;
vii) MeO2CCH2PO(OCH2CF3)2, KHMDS, 18-crown-6, THF, −78 ◦C,
96%; viii) LiOH, DME; ix) TFA, CH2Cl2; x) DPPA, iPr2NEt, CH2Cl2,
49% (over 3 steps).


(i.e. Pd(dppp), TlOAc, DMF, 80 ◦C), might promote cyclisation at
the more electron-deficient end of the alkene bond in 46a, leading
to the product of exo-cyclisation, i.e. 47. We therefore prepared
the substrate 46a, as shown in Scheme 8; this involved an initial
Stille coupling reaction between the vinylstannane 42 and the


bromooxazole 43, leading to 44a, followed by a coupling reaction
of the amine 44b with the carboxylic acid 45, as the key steps.23


Treatment of 46a under the conditions of Cabri et al.,24 however,
failed to produce any product resulting from an intramolecular
Heck reaction. We tried using a range of alternative conditions
and cocktails, including the use of silver phosphate and carbonate,
the addition of sodium formate and different temperatures, but all
to no avail. However, we were able to repeat the Heck cyclisation of
46b, described by Harran et al.,23 and obtained the same result, i.e.
the formation of the product 48b from a 13-endo-trig cyclisation. It
therefore seems likely that the additional steric requirements of the
bidentate ligand, used in the Cabri conditions, and the additional
methyl substitution on the alkene bond in the substrate conspire
to inhibit a Heck cyclisation from 46a in either the 12-exo or the
13-endo modes.


Synthesis of the tethered Heck reaction precursors 57 and 59, and
the chromene 63. Cyclisation of 63 to the spirocycle 64 under Heck
conditions


After the disappointment of not being able to achieve an
intramolecular Heck cyclisation from the substrate 46a, we
decided to examine corresponding Heck reactions from “tethered”
substrates akin to 49. The idea behind this proposal was that if
we could achieve the cyclisation of 49 to 50, with simultaneous
introduction of the correct stereochemistry at the newly introduced
quaternary carbon centre, following elaboration via 51 we would
have a reasonably advanced intermediate, viz. 52, cf. 47, en route to
diazonamide A. However, before embarking on such an ambitious
program, we investigated the feasibility of the overall proposal
using the less substituted precursor 57, synthesised from the
vinylstannane 4225 as shown in Scheme 9. Thus, conversion of
42 into the vinyl iodide 53, followed by lithium–iodine exchange,
transmetallation with MgBr2


26 and finally reaction with Garner’s
aldehyde27 gave the secondary alcohol 54 as a mixture of syn and
anti-diastereoisomers.
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Scheme 8 Reagents and conditions: i) (PPh3)2PdCl2, Bu3SnH, 73%; ii) 42, PdCl2(MeCN)2, DMF, 25 ◦C, 81%; iii) BBr3, CH2Cl2, −78 ◦C, 79%; iv) 44b,
DIPEA, TBTU, DMF, 0 ◦C, 60%.


The diastereomers were separated by chromatography, and
the X-ray crystal structure confirmed the syn-stereochemistry
assigned to 54a (Fig. 2). Benzylation of the anti-diastereomer 54b
followed by cleavage of the oxazolidine in the product, leading


Fig. 2 X-Ray crystal structure of the secondary alcohol 54a.


to 55, and functional group manipulation gave the carboxylic
acid 56. Finally, a straightforward esterification of 56 with 2-
bromo-6-iodophenol gave the substrate 57 for the attempted Heck
cyclisation to 58. Frustratingly, all attempts to effect a 7-exo-
trig Heck cyclisation from the alkene 57 met with failure. A
similar outcome was obtained with the analogous ‘ether’-tethered
precursors 59, produced from the syn and anti-alcohols 54a and
54b.


Scheme 9 Reagents and conditions: i) I2, THF, 0 ◦C, 81%; ii) nBuLi,
MgBr2, −78 ◦C, Garner’s aldehyde, 74%; iii) NaH, BnBr, THF, rt →
65 ◦C, 92%; iv) BF3–HOAc, 98%; v) NaHCO3, periodinane, then
NaClO2, KH2PO4, tBuOH, 39% over 2 steps; vi) EDC, DMAP,
2-iodo-6-bromophenol, 55%.


Somewhat perplexed by the lack of reactivity of the substrates 57
and 59 towards Heck cyclisations, we examined the X-ray crystal
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structures of the syn-precursors 54a and 59a and, to our surprise,
found that the alkene units and the aryl rings to which they are
attached are essentially orthogonal; presumably due to the severe
steric interactions involving the ortho benzyl ether substituent
and the methyl groups of the propenyl units (see Fig. 2 and
Fig. 3). This structural feature could preclude coordination of
the metallated aryl rings in both 57 and 59 to their respective
alkene bonds, thereby preventing any attempted Heck reactions
with these substrates. In order to add credence to this supposition,
we decided to then examine the corresponding Heck reactions
with the chromene substrates 62 and 63, which are devoid of any
of the steric interactions present in the benzyl ether-aryl propenyl
compounds 57 and 59.


Fig. 3 X-Ray crystal structure of the iodide 59a.


The substituted chromenes 62 and 63 were prepared start-
ing from the known 4-bromo-2H-chromene 6028 using the


method employed in the synthesis of the analogous benzyl
ethers 59 (Scheme 10). Much to our satisfaction, when the syn-
diastereoisomer 62 was treated with Pd(OAc)2, PPh3 and Ag2CO3


in tetrahydrofuran at 60 ◦C for 2 days, a single product 64, resulting
from a 6-exo-trig cyclisation, was obtained in 42% yield. The
product was obtained as a crystalline solid whose X-ray structure
(Fig. 4) established that the quaternary centre had the same
absolute configuration as the same centre in natural diazonamide
A. Interestingly, when the same Heck reaction was carried out
in N,N-dimethylacetamide at higher temperature (85–90 ◦C), a
small amount (∼8%) of the corresponding isomeric ether 65,
resulting from a competing 7-endo-trig cyclisation, was produced
concurrently. A similar outcome was obtained when the anti-
diastereoisomer 63, corresponding to 62, was subjected to Heck
cyclisation i.e., the major product was the spiro-chromene 66.


Fig. 4 X-Ray crystal structure of the spirocyclic system 64.


Having eventually achieved a route to the quaternary centre, and
investigated routes to the heterocyclic core, viz. 6 in diazonamide A
(1), using the Heck and related Pd(0)-mediated coupling reactions,
the spirocyclic system 64 remained a daunting distance from
the ultimate synthetic target. Thus, significant manipulations of
the structure 64, including oxidative cleavage of the vinyl ether


Scheme 10 Reagents and conditions: i) nBuLi, MgBr2, −78 ◦C, Garner’s aldehyde, 65%; ii) NaHMDS, 0 ◦C, then 2-iodobenzyl bromide, Bu4NI, 53%;
iii) PPh3, Ag2CO3, Pd(OAc)2, 41–54%.
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moiety, and insertion of nitrogen at the benzylic ether carbon,
would be required to approach a precursor akin to 67, for
further extensive development. Although some of these synthetic
conversions were investigated,29 the re-assignment of the structure
of diazonamide A (2) mid-way through our studies, together
with the decisive synthetic investigations of Harran and Nicolaou
and their respective collaborators discouraged us from further
pursuing our own particular approach to 2 based broadly on the
Heck and related reactions. We therefore abandoned our studies
towards a synthesis of diazonamide A at this point.


Summary


In summary, our studies of the scope for the Heck and related
coupling reactions in forming the quaternary stereocentre and
the heterocyclic core in diazonamide A have allowed access to
compounds 5, 14, 19, 24, 64 [cf. disconnection (b) on structure
3] and also to compounds 30, 33 and 39. Unfortunately, we were
not able to realise a 13-exo-trig Heck cyclisation of 46a to the
macrolactam 47 [cf. disconnection (c) on structure 3]. We did not
examine cross-coupling reactions involving 2-substituted oxazoles
in this particular study [cf. disconnection (a) on structure 3].
Nevertheless, there is ample precedent for this type of chemistry,
using a range of substituted oxazoles, in the literature,30 some
of which we have exploited in other research programs in our
laboratory involving polyoxazole-based natural products. These
other studies will be presented at a later date.


Experimental


General details


All melting points were determined using a Kofler hot-stage
apparatus and are uncorrected. Optical rotations were recorded in
spectroscopic grade chloroform on a Jasco DIP-370 polarimeter,
and [a]D values were recorded in units of 10−1 deg cm2 g−1. Infrared
spectra were obtained on a Perkin–Elmer 1600 series FT-IR
instrument as dilute solutions in spectroscopic grade chloroform.
Proton NMR spectra were recorded on a Bruker DPX 360 (360
MHz) spectrometer as dilute solutions in deuterochloroform at
ambient temperature, unless otherwise stated. The chemical shifts
are quoted in parts per million (ppm) relative to residual solvent
peaks, and the multiplicity of each signal is designated by the
following abbreviations: s, singlet; d, doublet; t, triplet; q, quartet;
sx, sextet; br, broad; m, multiplet; app., apparent. All coupling
constants are quoted in Hertz. Carbon-13 NMR spectra were
recorded using a Bruker DPX 360 (90 MHz) instrument as dilute
solutions in deuterochloroform, unless otherwise stated. Chemical
shifts are reported relative to residual solvent peaks using a broad-


band decoupled mode, and the multiplicities were determined
using a DEPT sequence. When required, 1H–1H COSY spectra
were recorded on a Bruker DPX 360 (360 MHz) instrument
and standard Bruker software with no modifications. 1H–13C
HMQC/HMBC and NOE spectra were recorded on a Bruker
AV 400 (400 MHz) spectrometer. Mass spectra were recorded on
either a VG Autospec, an MM-701CF, a VG Micromass 7070E
or a Micromass LCT spectrometer, using electron ionisation (EI),
electrospray (ESI) or fast atom bombardment (FAB) techniques.
Microanalytical data were obtained on a Perkin-Elmer 240B
elemental analyser. All crystals for crystallography were mounted
on dual-stage glass fibres using RS3000 perfluoropolyether oil,
and flash-frozen in the cold stream of the diffractometer’s low-
temperature device.


Flash chromatography was performed using Merck silica gel
60 as the stationary phase and the solvents employed were of
analytical grade. “Petrol” used in chromatography refers to light
petroleum, bp 60–80 ◦C. All reactions were monitored by thin layer
chromatography using aluminium plates precoated with Merck
silica gel 60 F254, which were visualised with ultraviolet light and
then with either acidic alcoholic vanillin solution, basic potassium
permanganate solution, or acidic anisaldehyde solution.


Dry organic solvents were routinely stored under a nitro-
gen atmosphere and/or dried over sodium wire. Benzene and
dichloromethane were distilled from calcium hydride. Dry tetrahy-
drofuran was obtained from a solvent drying tower. Other organic
solvents and reagent were purified by the accepted literature
procedures. Solvent was removed in vacuo using a Büchi rotary
evaporator. Where necessary, reactions requiring anhydrous con-
ditions were performed in dry solvents in flame-dried or oven-dried
apparatus under a dry nitrogen atmosphere.


E- and Z-1-(2-Bromo-6-iodophenoxy)-2-phenylbut-2-ene (4).
A solution of n-butyllithium (1.6 M) in hexanes (56 mL,
90.0 mmol) was added dropwise over 20 min to a stirred suspension
of ethyltriphenylphosphonium bromide (33.5 g, 90.0 mmol) in
tetrahydrofuran (600 mL) at 0 ◦C under a nitrogen atmosphere;
the mixture was then stirred at 0 ◦C for 20 min. A solution of
the ketone 8b (31.4 g, 75.0 mmol) in tetrahydrofuran (600 mL)
was added dropwise over 15 min, and the mixture was then
stirred at room temperature for 3 h. The mixture was quenched
with saturated aqueous ammonium chloride (500 mL) and water
(300 mL) and then extracted with diethyl ether (3 × 500 mL).
The combined organic extracts were dried and concentrated in
vacuo. Diethyl ether (200 mL) was added to the residue and the
solution was then cooled to 0 ◦C. Pentane (400 mL) was added
to the rapidly stirred solution, and the mixture was kept at 0 ◦C
for 30 min. The precipitated solid was removed by filtration, and
the filtrate was concentrated in vacuo. The residue was purified by
chromatography, eluting with 5% ethyl acetate in petroleum ether,
to give a 3 : 1 mixture of Z- and E-isomers of the olefin (31.5 g, 98%)
as an oil; mmax (CHCl3)/cm−1 1600, 1551; dH (270 MHz, CDCl3) 7.71
(1 H, dd, J 7.9 and 1.5, E ArH), 7.69 (1 H, dd, J 7.9 and 1.5, Z
ArH), 7.57 (2 H, dd, J 8.0 and 1.2, E ArH), 7.50 (1 H, dd, J 7.9
and 1.5, E ArH), 7.49 (1 H, dd, J 7.9 and 1.5, Z ArH), 7.37–7.21
(5 H + 3 H, m, ArH), 6.67 (2 H, t, J 7.9, ArH), 6.19 (1 H, q,
J 6.9, Z-CHCH3), 6.07 (1 H, q, J 7.1, E-CHCH3), 4.98 (2 H, s,
E-OCH2), 4.65 (2 H, s, Z-OCH2), 1.96 (3 H, d, J 7.1, E-CHCH3),
1.73 (3 H, d, J 6.9, Z-CHCH3); dC (67.8 MHz, CDCl3) 155.7 (E
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s), 155.2 (Z s), 141.2 (E s), 138.7 (E d), 138.6 (Z d), 138.0 (Z s),
136.6 (Z s), 136.2 (E s), 133.8 (E d), 133.7 (Z d), 129.5 (E d), 129.0
(d), 127.9 (d), 127.0 (6 × d), 117.1 (s), 92.9 (s), 92.8 (s), 77.0 (Z
t), 69.8 (E t), 14.8 (E q), 14.6 (Z q); m/z (FAB) Found: 427.9279
(M+, 1%, C16H14BrIO requires 427.9275), 349 (1), 285 (1), 91 (91).


(±)-3-Ethenyl-7-bromo-3-phenyl-2,3-dihydrobenzofuran (5). A
solution of palladium(II) acetate (210 mg, 0.93 mmol) in DMF
(10 mL) was added to a mixture of the bromoiodo olefin 4
(20.0 g, 46.7 mmol), triphenylphosphine (490 mg, 1.89 mmol)
and silver carbonate (27.1 g, 98.1 mmol) in DMF (590 mL) at
room temperature under a nitrogen atmosphere and the mixture
was then heated at 80 ◦C for 4 days. Additional palladium(II)
acetate (105 mg, 0.47 mmol) in a DMF solution (5 mL) was
added after the first and third days. The mixture was cooled to
room temperature, filtered through Celite R©, diluted with water
(3000 mL) and then extracted with diethyl ether (3 × 1000 mL).
The combined organic extracts were washed with water (1500 mL)
then dried and concentrated in vacuo. The residue was purified by
chromatography, eluting with 10% ethyl acetate in petroleum ether,
to give the dihydrobenzofuran (10.1 g, 72%) as a colourless oil; mmax


(CHCl3)/cm−1 1634, 1598; dH (270 MHz, CDCl3) 7.36 (1 H, dd,
J 7.9 and 1.3, ArH), 7.32–7.22 (5 H, m, ArH), 7.00 (1 H, dd, J
7.3 and 1.3, ArH), 6.72 (1 H, t, J 7.7, ArH), 6.27 (1 H, dd, J 17.2
and 10.6, CH=CH2), 5.31 (1 H, d, J 10.6, CH=CHH), 5.07 (1 H,
d, J 17.2, C=CHH), 4.86 (1 H, d, J 9.2, CHHO), 4.72 (1 H, d,
J 9.2, CHHO); dC (67.8 MHz, CDCl3) 156.9 (s), 143.4 (s), 140.7
(d), 133.5 (s), 131.8 (d), 128.5 (d), 127.3 (d), 127.1 (d), 124.5 (d),
122.2 (d), 115.5 (t), 103.3 (s), 83.3 (t), 58.4 (s); m/z (ESI) Found:
300.0173 (M+, 91%, C16H13BrO requires 300.0150), 221 (46), 205
(13), 194 (95), 178 (21), 118 (6), 77 (28).


(2E)-2-[2-(Benzyloxy)phenyl]-N-(2-iodophenyl)but-2-enamide
(18a). A solution of 2-iodoaniline (1.0 g, 4.5 mmol) in
dichloromethane (10 mL) was added dropwise over 10 min to a
stirred solution of trimethylaluminium (2 M) in hexane (2.3 mL,
4.5 mmol) at 0 ◦C under a nitrogen atmosphere. After 10 min,
the solution was allowed to warm to room temperature and
stirred for 30 min giving a clear red–brown solution. A solution
of the unsaturated ester 17 (0.5 g, 1.8 mmol) in dichloromethane
(10 mL) was added dropwise over 10 min, and the mixture was
then heated at reflux for 20 h. The mixture was cooled to 0 ◦C,
then water (5 mL) was added over 15 min, followed by saturated
aqueous Rochelle’s solution (10 mL), and the mixture was stirred
at room temperature for 15 min. After removal of the solvent
in vacuo, diethyl ether (20 mL) was added to the residue and
the separated aqueous layer was extracted with diethyl ether
(3 × 15 mL). The combined organic extracts were washed with
brine (50 mL), dried over MgSO4 and concentrated in vacuo. The
residue was purified by chromatography, eluting with 10% ethyl
acetate in petroleum ether, to give the anilide (0.57 g, 70%) as a
yellow oil; (Found: C, 58.7; H, 4.4; N, 2.9; C23H20NO2I requires:
C, 58.9; H, 4.3; N, 3.0%); mmax (CHCl3)/cm−1 3697, 3347, 2914,
1682; dH (360 MHz, CDCl3) 8.52 (1 H, dd, J 8.2 and 1.5, ArH),
7.70 (1 H, br s, NH), 7.66 (1 H, dd, J 8.2 and 1.5, ArH), 7.41–7.33
(2 H, m, ArH and =CHCH3 obs), 7.32–7.21 (7 H, m, ArH),
7.12–7.07 (2 H, m, ArH), 6.77 (1 H, dt, J 7.8 and 1.6, ArH),
5.13 (2 H, s, PhCH2OAr), 1.74 (3 H, d, J 7.1, =CHCH3); dC


(90.6 MHz, CDCl3) 165.0 (s), 156.6 (s), 138.9 (s), 138.7 (d), 138.1
(d), 136.7 (s), 134.1 (s), 132.2 (d), 130.3 (d), 129.2 (d), 128.5 (d),


127.7 (d), 127.0 (d), 125.3 (d), 123.8 (s), 121.5 (d), 120.9 (d), 113.1
(d), 88.9 (s), 70.0 (t), 15.5 (q); m/z (ESI) Found: 492.0478 ([M +
Na]+, C23H20INO2Na requires 492.0436), 470 (62), 380 (6), 337
(12), 310 (22).


tert-Butyl-(2E)-2-[2-(benzyloxy)phenyl]-N-(2-iodophenyl)carba-
mate (18b). Di-tert-butyl dicarbonate (225 mg, 1.02 mmol)
and 4-dimethylaminopyridine (11 mg, 0.09 mmol), followed
by diisopropylethylamine (0.15 mL, 0.85 mmol) were added in
single portions to a stirred solution of the anilide 18a (400 mg,
0.85 mmol) in acetonitrile (10 mL). The mixture was stirred
at room temperature for 3 h, then water (5 mL) was added
and the solvent was removed in vacuo. Diethyl ether (20 mL)
was added to the residue and the separated aqueous layer was
then extracted with diethyl ether (3 × 30 mL). The combined
organic extracts were washed with brine (30 mL), then dried
over MgSO4 and concentrated in vacuo. The residue was purified
by chromatography, eluting with 5% ethyl acetate in petroleum
ether, to give the carbamate (400 mg, 83%) as pale yellow crystals;
mp 118–120 ◦C (from petroleum ether (bp 60–80 ◦C)–acetone);
(Found: C, 58.7; H, 4.9; N, 2.2; C28H28NO4I requires: C, 59.1; H,
5.0; N, 2.2%); mmax (CHCl3)/cm−1 1734, 1688, 1152; dH (360 MHz,
CDCl3) 7.74 (1 H, d, J 7.9, ArH), 7.40 (2 H, d, J 7.5, ArH),
7.33 (2 H, dt, J 6.9 and 2.0, ArH), 7.29–7.21 (2 H, m, ArH and
=CHCH3), 7.15–7.05 (2 H, m, ArH), 6.97–6.81 (5 H, m, ArH),
5.10 (2 H, s, PhCH2OAr), 1.80 (3 H, d, J 7.1, =CHCH3), 1.26 (9
H, s, COOC(CH3)3); dC (90.6 MHz, CDCl3) 171.2 (s), 156.2 (s),
151.5 (s), 141.8 (s), 139.2 (d), 137.6 (d), 136.9 (s), 136.4 (s), 133.0
(d), 129.8 (d), 129.0 (d), 128.9 (d), 128.5 (d), 128.3 (d), 127.6 (d),
127.1 (d), 124.5 (s), 120.6 (d), 113.3 (d), 99.8 (s), 82.7 (s), 70.8
(t), 27.7 (q), 15.5 (q); m/z (ESI) Found: 592.0933 ([M + Na]+,
C28H28INO4Na requires 592.0961), 576 (9), 492 (23), 470 (94), 452
(6).


tert-Butyl 3-(2-(benzyloxy)phenyl)-2-oxo-3-vinylindoline-1-carb-
oxylate (19). A mixture of triphenylphosphine (6 mg, 22.0 lmol),
silver phosphate (46 mg, 110 lmol) and tris(dibenzyl-
ideneacetone)dipalladium(0) (6 mg, 5.50 lmol) in dimethylac-
etamide (0.5 mL) was stirred at room temperature under a nitrogen
atmosphere for 2 h. A solution of the anilide 18b (31 mg, 55.0 lmol)
in dimethylacetamide (1 mL) was added in one portion and the
solution was then degassed with nitrogen for 1 h. The solution was
heated at 90 ◦C for 24 h, then cooled to room temperature, filtered
through Celite R© and washed with diethyl ether (10 mL). Water
(5 mL) was added to the filtrate and the separated aqueous layer
was then extracted with diethyl ether (3 × 10 mL). The combined
organic extracts were washed with brine (15 mL), then dried
over MgSO4 and concentrated in vacuo. The residue was purified
by chromatography, eluting with 5% ethyl acetate in petroleum
ether, to give the oxindole (15 mg, 66%) as a colourless oil; mmax


(CHCl3)/cm−1 2931, 1791, 1725, 1606; dH (360 MHz, CDCl3) 7.72
(1 H, d, J 8.1, ArH), 7.51 (1 H, dd, J 7.5 and 1.6, ArH), 7.31–7.19
(5 H, m, ArH), 7.10 (1 H, dt, J 7.5 and 1.0, ArH), 7.01 (1 H, dt,
J 7.5 and 1.0, ArH), 6.87–6.80 (4 H, m, ArH), 6.33 (1 H, dd, J
17.2 and 10.2, CH=CH2), 5.42 (1 H, d, J 10.2, CH=CHH), 4.96
(1 H, d, J 17.2, CH=CHH), 4.84 (1 H, d, J 11.7, PhCHHOAr),
4.71 (1 H, d, J 11.7, PhCHHOAr), 1.51 (9 H, s, COOC(CH3)3);
dC (90.6 MHz, CDCl3) 175.5 (s), 155.4 (s), 149.5 (s), 140.1 (s),
137.3 (d), 136.0 (s), 129.8 (s), 129.5 (d), 129.2 (d), 128.9 (s), 128.4
(d), 127.9 (d), 127.8 (d), 127.4 (d), 124.6 (d), 123.8 (d), 120.7 (d),
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119.0 (t), 115.2 (d), 112.2 (d), 83.6 (s), 70.1 (t), 58.8 (s), 28.1 (q);
m/z (ESI) Found: 464.1867 ([M + Na]+, C28H27NO4Na requires
464.1838), 386 (13), 364 (41), 343 (22), 342 (85).


tert-Butyl (4S)-4-{4-benzyloxy-3-[2-oxo-1-((2-trimethylsilyl)-
ethoxy)methyl)-3-vinyl-2,3-dihydro-1H-indol-3-yl]benzyl}-2,2-di-
methyl-1,3-oxazolidine-3-carboxylate (24). A mixture of tri-
phenylphosphine (56 mg, 0.21 mmol), silver phosphate (440 mg,
1.10 mmol) and tris(dibenzylideneacetone)dipalladium(0) (55 mg,
0.05 mmol) in dimethylacetamide (1 mL) was stirred at room
temperature under a nitrogen atmosphere for 2 h. A solution of
the anilide 23b (430 mg, 0.53 mmol) in dimethylacetamide (7 mL)
was added, in one portion, and the mixture was then degassed
with nitrogen for 1 h. The solution was heated to 90 ◦C for 36 h,
then cooled to room temperature, filtered through Celite R© and
washed with diethyl ether (20 mL). Water (20 mL) was added
and the separated aqueous layer was then extracted with diethyl
ether (3 × 30 mL). The combined organic extracts were washed
with brine (50 mL), then dried over MgSO4 and concentrated
in vacuo. The residue was purified by chromatography, eluting
with 10% ethyl acetate in petroleum ether, to give the oxindole
(280 mg, 77%) as a pale yellow oil; [a]20


D −19.0 (c 1.5 in CHCl3);
mmax (CHCl3)/cm−1 2955, 1719, 1691; dH (360 MHz at 318 K,
CDCl3) 7.37–7.21 (5 H, m, ArH), 7.09 (1 H, br s, ArH), 7.00 (1
H, t, J 7.5, ArH), 6.89 (2 H, d, J 7.5, ArH), 6.84–6.76 (3 H, m,
ArH), 6.35 (1 H, dd, J 17.2 and 10.2, CH=CH2), 5.31 (1 H, d, J
10.2, CH=CHH), 4.98 (1 H, d, J 17.2, CH=CHH), 4.92 (1 H,
d J 11.1, NCHHO), 4.69 (1 H, d, J 10.6, PhCHHOAr), 4.59 (1
H, d, J 10.6, PhCHHOAr), 4.20–3.95 (1 H, m, NCHCH2Ar),
3.89–3.81 (3 H, m, NCHHO and NCHCH2O), 3.45–3.40 (2
H, m, SiCH2CH2O), 3.30–3.08 (1 H, m, ArCHHCH), 2.67 (1
H, dd, J 12.9, ArCHHCH), 1.64–1.51 (15 H, m, COOC(CH3)3


and C(CH3)2), 0.89–0.74 (2 H, m, (CH3)3SiCH2), 0.08 (9 H, s,
(CH3)3SiCH2); dC (90.6 MHz at 318 K, CDCl3) 177.7 (s), 154.6
(s), 151.7 (s), 142.5 (s), 137.7 (d), 137.6 (d), 136.0 (s), 130.6 (d),
130.5 (d), 129.5 (d), 128.4 (d), 128.3 (d), 128.1 (d), 127.6 (d), 124.4
(d), 122.2 (d), 117.8 (t), 112.0 (d), 109.5 (d), 94.1 (s), 79.6 (s), 70.3
(t), 69.0 (t), 66.1 (t), 65.3 (t), 59.4 (d), 58.6 (s), 39.9 (t), 28.6 (q),
26.9 (q), 23.3 (q), 17.7 (t), −1.5 (q); m/z (ESI) Found: 707.3516
([M + Na]+, 27%, C40H52N2O6SiNa requires 707.3492), 511 (100),
467 (11), 217 (17).


(S)-4-[(E),(R)-2-(2-Benzyloxyphenyl)-1-hydroxybut-2-enyl]-2,2-
dimethyloxazolidine-3-carboxylic acid tert-butyl ester (54b) and
(S) - 4 - [(E) - (S) - 2-(2-benzyloxyphenyl)-1-hydroxybut-2-enyl]-2,2-
dimethyloxazolidine-3-carboxylic acid tert-butyl ester (54a).
A solution of tert-butyllithium (1.5 M) in hexanes (0.66 mL,
0.99 mmol) was added dropwise over 0.25 h to a stirred solution of
the vinyl iodide 53 (157 mg, 0.449 mmol) in diethyl ether (5 mL) at
−78 ◦C, and the mixture was then stirred at −78 ◦C for a further
0.75 h. A solution of MgBr2 (1 M in diethyl ether and benzene,
1.00 mL, 1.00 mmol)26 was added rapidly using a syringe, and the
mixture was then stirred at −78 ◦C for a further 0.5 h. A solution
of Garner’s aldehyde (64 mg, 0.28 mmol) in tetrahydrofuran
(2 mL) was added over 0.5 h, and the mixture was stirred for 1 h
at −78 ◦C then warmed to room temperature and stirred for a
further 16 h. The mixture was quenched with 2 M hydrochloric
acid (10 mL) and the aqueous layer was extracted with ethyl
acetate (3 × 10 mL). The combined organic extracts were washed
with sat. aqueous sodium bicarbonate solution (10 mL) and brine


(10 mL), then dried, and concentrated to leave a sticky colourless
solid. The solid was purified by chromatography, eluting with
ethyl acetate–petrol (16 : 84), to give (i) the anti-allylic alcohol
54b (66 mg, 51%) as colourless crystals; mp 112.5–114.0 ◦C (from
ethyl acetate–petroleum ether); (Found: C, 71.3; H, 7.8; N, 2.9;
C27H35NO5 requires: C, 71.5; H, 7.8; N, 3.1%); [a]18


D +16.0 (c 1.02
in CDCl3); mmax/cm−1 (CDCl3) 3686, 3563, 2936 and 1694; dH


(250 MHz, d6-DMSO, 353 K) 7.42–7.23 (6 H, m, ArH), 7.06 (1
H, app. d, J 7.9, ArH), 6.97–6.92 (2 H, m, ArH), 5.95 (1 H, q,
J 6.8, [rotamer 1 + rotamer 2] =CHCH3), 5.08 (1 H, d, J 14.1,
ArCHHO), 5.03 (1 H, d, J 14.1, ArCHHO), 4.75 (1 H, br s,
CHOH), 4.45 (1 H, br s, OH), 3.84 (1 H, dd, J 8.5 and 3.3,
CHHO), 3.67–3.64 (1 H, m, CHN), 3.56–3.49 (1 H, m, CHHO),
1.47 (3 H, s, CCH3), 1.39 (3 H, d, J 6.8, [rotamer 1 + rotamer
2] =CHCH3), 1.36 (3 H, s, CCH3), 1.27 (9 H, s, C(CH3)3); dC


(90 MHz, CDCl3, 330 K) 156.0 (s), 152.2 (s), 138.0 (s), 137.2 (s),
131.0 (d), 128.6 (d), 128.1 (s), 127.9 (d), 127.2 (d), 123.5 (d), 121.3
(d), 112.6 (d), 94.3 (s), 79.8 (s), 74.7 (d), 70.5 (t), 63.0 (t), 59.7 (d),
28.4 (q), 26.4 (q), 23.4 (q), 14.2 (q); m/z (ESI) Found: 476.2375
([M + Na]+, C27H35NO5Na requires 476.2413), 476 ([M + Na]+,
100%), 296 (80); and (ii) the syn-allylic alcohol 54a (32 mg, 23%)
as a colourless oil which crystallised on standing at 4 ◦C for
one week; (Found: C, 71.5; H, 7.8; N, 2.5; C27H35NO5 requires: C,
71.5; H, 7.8; N, 3.1%). [a]20


D +21.2 (c 1.02 in CDCl3); mmax/cm−1


(CDCl3) 3687, 3549, 2957 and 1694; dH (360 MHz, CDCl3, 333
K) 7.42–7.26 (6 H, m, ArH), 7.26–7.22 (1 H, m, ArH), 6.99–6.96
(2 H, m, ArH), 5.88 (1 H, q, J 6.7, =CHCH3), 5.27 (2 H, s,
ArCH2O), 4.28 (1 H, dd, J 9.8 and 5.1, CHOH), 3.85 (1 H, app
br s, CHN), 3.82 (1 H, app d, J 9.4, CHHO), 3.50 (1 H, dd, J
8.8 and 6.0, CHHO), 1.61 (3 H, s, CCH3), 1.50 (3 H, d, J 6.7,
=CHCH3), 1.43 (9 H, s, C(CH3)3); dC (90 MHz, CDCl3, 333 K)
156.0 (s), 138.7 (s), 137.2 (s), 132.5 (d), 128.6 (d), 128.5 (d), 128.0
(d), 127.5 (d), 126.5 (s), 124.0 (s), 121.1 (d), 112.1 (d), 94.2 (s),
80.9 (s), 70.5 (t), 65.8 (t), 60.9 (d), 28.4 (q), 27.6 (q), 24.0 (q),
14.5 (q); m/z (ESI) Found: 476.2372 ([M + Na]+, C27H35NO5Na
requires 476.2413), 476 ([M + Na]+, 100%).


X-Ray crystal structure for (+)-syn-allyl alcohol 54a.
C27H35NO5, M = 453.56, orthorhombic, a = 9.5722(11), b =
11.5881(13), c = 23.044(3) Å, U = 2556.1(9) Å3, T = 150(2)
K, space group P212121 (No. 19), Z = 4, Dc = 1.179 g cm−3,
l(Mo-Ka) = 0.081 mm−1, 22 674 reflections collected, 3463
unique (Rint 0.038) which were used in all calculations. Final R1


[3045 F > 4r(F)] = 0.0297 and wR(all F 2) was 0.0787. CCDC
reference number 613517. For crystallographic data in CIF or
other electronic format see DOI: 10.1039/b609604b


(S)-4-[(E)-(S)-2-(2-Benzyloxyphenyl)-1-(2-iodobenzyloxy)but-2-
enyl]-2,2-dimethyl-oxazolidine-3-carboxylic acid tert-butyl ester
(59a). Sodium hydride (60% dispersion in oil, 53 mg, 1.33 mmol)
was added portion-wise to a stirred solution of the syn-allylic
alcohol 54a (500 mg, 1.10 mmol) in tetrahydrofuran (5 mL) at
0 ◦C, and the mixture was stirred at 0 ◦C for 15 min. 2-Iodobenzyl
bromide (448 mg, 1.43 mmol) was added, the mixture was heated
to 55 ◦C for 20 h and then concentrated in vacuo. The residue was
quenched with saturated aqueous ammonium chloride (5 mL)
and extracted with diethyl ether (3 × 5 mL). The combined
organic extracts were washed with saturated aqueous sodium
bicarbonate solution (5 mL), washed with brine (5 mL) then
dried and concentrated in vacuo. The residue was purified by
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chromatography, eluting with ethyl acetate–petrol (5 : 95 to 20 :
80), to give (i) the syn-ether (580 mg, 79%) as colourless crystals;
mp 81.5–84.0 ◦C; (Found: C, 60.6; H, 5.9; N, 1.7; C34H40NO5I
requires: C, 61.0; H, 6.0; N, 2.1; I, 19.0%); [a]20


D +25.6 (c 2.33
in CDCl3); mmax/cm−1 (CDCl3) 2935 and 1681; dH (360 MHz,
CDCl3, 333 K) 7.80 (1 H, app d, J 6.5, ArH), 7.63 (1 H, app d,
J 7.6, ArH), 7.40–7.28 (6 H, m, ArH), 7.26–7.18 (2 H, m, ArH),
6.97–6.91 (3 H, m, ArH), 6.03 (1 H, q, J 6.8, =CH), 5.05 (2
H, s, ArCH2O), 4.74 (1 H, d, J 13.3, ArCHHO), 4.46 (1 H, d,
J 13.3, ArCHHO), 4.07 (2 H, app s, CHO and CHN), 3.82 (1
H, app d, J 9.1, CHHO), 3.59 (1 H, m, CHHO), 1.59 (3 H, d,
J 6.8, =CHCH3), 1.53 (3 H, br s, C(CH3)(CH3)), 1.46 (3 H, s,
C(CH3)(CH3)), 1.32 (9 H, br s, C(CH3)3); dC (90 MHz, CDCl3,
333 K) 156.2 (s), 153.1 (s), 141.5 (s), 138.8 (d), 137.4 (s), 135.0
(s), 131.8 (d), 129.9 (d), 128.7 (d), 128.5 (d), 128.2 (d), 128.0 (d),
127.4 (d), 126.8 (s), 121.0 (d), 112.0 (d), 94.1 (s), 86.2 (d), 79.3
(s), 74.8 (t), 70.5 (t), 65.8 (t), 59.4 (d), 28.5 (q), 28.0 (q), 24.1 (q),
14.8 (q); m/z (ESI) Found: 692.1841 ([M + Na]+, C34H40NO5INa
requires 692.1849), 692 ([M + Na]+, 100%), 570 (25), 319 (15);
(1S,7aS)-1-{(1E)-1-[2-(benzyloxy)phenyl]prop-1-en-1-yl}-5,5-di-
methyldihydro-1H-[1,3]oxazolo[3,4-c][1,3]oxazol-3-one was also
obtained as a colourless oil (61 mg, 14.5%); [a]20


D −7.5 (c 1.87 in
CDCl3); mmax/cm−1 (CDCl3) 2938, 1738, 1598, 1578 and 1499; dH


(360 MHz, CDCl3, 298 K) 7.50–7.29 (6 H, m, ArH), 7.16–7.14
(1 H, m, ArH), 7.03–6.99 (2 H, m, ArH), 6.07 (1 H, q, J 6.8,
[rotamer 1 + rotamer 2] =CHCH3), 5.08 (2 H, s, ArCH2O), 4.96
(1 H, app d, J 6.3, CHO), 4.09 (1 H, app dd, J 6.3 and 6.5, CHN),
3.68 (1 H, dd, J 6.5 and 2.1, CHHO), 3.45 (1 H, dd, J 6.5 and
1.1, CHHO), 1.67 (3 H, s, C(CH3)(CH3)), 1.56 (3 H, d, J 6.8,
[rotamer 1 + rotamer 2] =CHCH3), 1.29 (3 H, s, C(CH3)(CH3));
dC (90 MHz, CDCl3, 298 K) 156.8 (s), 155.9 (s), 136.8 (s), 134.2 (s),
131.8 (d), 129.4 (d), 128.6 (d), 128.0 (d), 127.3 (s), 127.0 (d), 124.7
(d), 121.3 (d), 112.3 (d), 94.4 (s), 81.9 (d), 70.1 (t), 67.9 (t), 63.0
(d), 27.2 (q), 23.4 (q), 14.5 (q); m/z (ESI) Found: 402.1655 ([M +
Na]+, C23H25NO4Na requires 402.1681), 402 ([M + Na]+, 100%).


X-Ray crystal structure of the syn-ether 59a. C30H40INO5,
M = 669.57, monoclinic, a = 11.7081(8), b = 10.0539(7), c =
13.8008(10) Å, b = 97.039(2)◦, U = 1612.3(3) Å3, T = 150(2) K,
space group P21 (No. 4), Z = 2, Dc = 1.379 g cm−3, l(Mo-Ka) =
1.033 mm−1, 8763 reflections collected, 6911 unique (Rint 0.016)
which were used in all calculations. Final R1 [6129 F > 4r(F)] =
0.0286 and wR(all F 2) was 0.0675. The absolute structure param-
eter refined to −0.043(10). CCDC reference number 613518. For
crystallographic data in CIF or other electronic format see DOI:
10.1039/b609604b


(S)-4-[(S)-(2H-1-Benzopyran-4-yl)hydroxymethyl]-2,2-dimethyl-
oxazolidine-3-carboxylic acid tert-butyl ester (61a) and (S)-4-[(R)-
(2H -1-benzopyran-4-yl)hydroxymethyl]-2,2-dimethyloxazolidine-
3-carboxylic acid tert-butyl ester (61b). A solution of n-
butyllithium (2.5 M) in tetrahydrofuran (17.3 mL, 43.3 mmol)
was added over 0.5 h to a stirred solution of 4-bromo-2H-
chromene 60 (9.60 g, 43.3 mmol) in diethyl ether (90 mL) and
the mixture was stirred at −40 ◦C for 10–15 min. A solution of
magnesium bromide (1 M in diethyl ether and benzene, 90.0 mL,
90.0 mmol) was added rapidly, and the solution was then stirred
at −40 ◦C for a further 45 min. A solution of Garner’s aldehyde
(6.20 g, 27.1 mmol) in diethyl ether (20 mL) was added over
0.75 h, and the mixture was then stirred at room temperature for


a further 1 h. The mixture was cooled to 0 ◦C, then quenched
with 2 M hydrochloric acid (150 mL) and extracted with diethyl
ether (3 × 100 mL). The combined organic extracts were washed
with saturated aqueous sodium bicarbonate solution (250 mL)
and brine (250 mL), dried and concentrated in vacuo. The residue
was purified by chromatography, eluting with ethyl acetate–petrol
(10 : 90 to 30 : 70), to give (i) the anti-alcohol 61a (3.65 g, 37%) as
a foam; [a]22


D +17.6 (c 0.34 in CDCl3); mmax/cm−1 (CDCl3) 3682,
3524 and 1693; dH (360 MHz, C6D6, 320 K) 7.80 (1 H, br s,
ArH), 7.10–7.05 (1 H, m, ArH), 6.97–6.92 (2 H, m, ArH), 5.95
(1 H, t, J 3.6, [rotamer 1 + rotamer 2] =CHCH2), 5.40 (1 H,
br s, CHOH), 4.64–4.63 (2 H, d, J 3.6, [rotamer 1 + rotamer 2]
ArOCH2), 4.25–4.23 (1 H, m, CHN), 4.10 (1 H, dd, J 9.2 and 2.8
CHHO), 3.53 (1 H, dd, J 9.2 and 7.2 CHHO), 2.38 (1 H, br s,
OH), 1.78 (3 H, s, C(CH3)(CH3)), 1.55 (3 H, s, C(CH3)(CH3)),
1.52 (9 H, s, C(CH3)3); dC (90 MHz, C6D6, 320 K) 154.4 (s), 152.3
(s), 134.2 (s), 128.9 (d), 123.8 (d), 121.55 (s), 121.0 (d), 118.55
(d), 116.1 (d), 94.25 (s), 79.8 (s), 68.4 (d), 65.1 (t), 62.05 (t), 59.6
(d), 28.0 (q), 26.7 (q), 26.2 (q); m/z (ESI) Found: 384.1750 (M+


+ Na, C20H27NO5Na requires 384.1786), 384 ([M + Na]+, 100%),
285 (80); and (ii) the syn-alcohol 61b (2.75 g, 28%) as a foam; [a]20


D


+12.3 (c 1.30 in CDCl3); mmax/cm−1 (CDCl3) 3680, 3359 (br), 2937,
1731, 1694 and 1604; dH (360 MHz, CDCl3, 325 K): 7.58 (1 H, d,
J 7.7, ArH), 7.12 (1 H, dt, J 7.7 and 1.4 ArH), 6.91 (1 H, dt, J
7.6 and 1.1 ArH), 6.82 (1 H, dd, J 8.0 and 1.1, ArH), 5.92 (1 H, t,
J 3.9, =CHCH2), 4.76 (2 H, d, J 3.9, CH2O), 4.69 1 H, (d, J 8.6,
CHOH), 4.35–4.30 (1 H, m, CHN), 3.79–3.75 (2 H, m, OCH2),
1.58 (3 H, s, C(CH3)(CH3)), 1.54 (9 H, s, C(CH3)3), 1.50 (3 H, s,
C(CH3)(CH3)); dC (90 MHz, CDCl3, 325 K): 154.4 (s), 134.8 (s),
129.0 (d), 124.3 (d), 122.0 (s), 121.3 (d), 121.2 (d), 116.1 (d), 94.4
(s), 81.6 (s), 76.0 (d), 64.9 (t), 64.8 (t), 62.1 (d), 28.3 (q), 27.0 (q),
24.0 (q); m/z (ESI) Found: 384.1775 ([M + Na]+, C20H27NO5Na
requires 384.1786), 384 ([M + Na]+, 100%), 285 (73).


(S) -4- [(S) - (2H -1-Benzopyran-4-yl)-(2-iodobenzyloxy)methyl]-
2,2-dimethyloxazolidine-3-carboxylic acid tert-butyl ester (62).
Sodium bis(trimethylsilyl)amide (1 M in tetrahydrofuran,
7.60 mL, 7.60 mmol) was added using a syringe, in one portion, to
a stirred solution of the syn-allylic alcohol 61b (2.11 g, 5.86 mmol)
in tetrahydrofuran (250 mL) at 0 ◦C, and the mixture was
then stirred at 0 ◦C for 15 min. 2-Iodobenzyl bromide (18.3 g,
58.6 mmol) and tetrabutylammonium iodide (11.0 g, 29.3 mmol)
were added, and the mixture was then heated to reflux for 20 h and
concentrated in vacuo. The residue was quenched with saturated
aqueous ammonium chloride and extracted with diethyl ether
(3 × 40 mL). The combined organic extracts were washed with
saturated aqueous sodium bicarbonate solution (40 mL) and brine
(40 mL), dried and concentrated in vacuo. The residue was purified
by chromatography, eluting with diethyl ether–pentane (100 : 0 to
50 : 50), to give the corresponding iodobenzyl ether (1.81 g, 53%)
as a colourless viscous oil; [a]17


D +7.13 (c 3.40 in CDCl3); mmax/cm−1


(CDCl3) 2974, 1687 and 1604; dH (360 MHz, CDCl3, 325 K) 7.81
(1 H, dd, J 7.9 and 1.0, ArH), 7.62 (1 H, d, J 7.6, ArH), 7.51–7.47
(1 H, m, ArH), 7.32 (1 H, dd, J 7.5 and 1.0, ArH), 7.12 (1 H, dd,
J 7.7 and 1.4, ArH), 6.95 (1 H, dd, J 7.6 and 1.4, ArH), 6.85 (2
H, m, ArH), 6.00 (1 H, t, J 3.7, =CH), 4.85 (1 H, dd, J 15.0 and
3.8, CHHO), 4.80 (1 H, dd, J 15.0 and 3.8, CHHO), 4.72–4.64
(1 H, m, CHO), 4.63 (1 H, d, J 12.6, ArCHHO), 4.50 (1 H, d,
J 12.6, CHHO), 4.50–4.45 (1 H, m, CHN), 4.05 (1 H, app t, J
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11.4 CHHO), 3.86 (1 H, dd, J 9.5 and 6.0, CHHO) 1.51 (9 H, s,
C(CH3)3), 1.48 (3 H, s, C(CH3)(CH3)), 1.32 (3 H, s, C(CH3)(CH3));
dC (90 MHz, CDCl3, 325 K) 154.6 (s), 153.0 (s), 140.8 (s), 139.2
(d), 132.0 (s), 129.4 (d), 129.2 (d), 128.5 (s), 128.3 (d), 124.7 (d),
122.6 (d), 121.3 (d), 116.3 (d), 97.8 (s), 94.5 (s), 80.1 (s), 75.4 (t),
69.4 (t), 65.3 (t), 64.2 (d), 59.8 (d), 28.6 (q), 26.6 (q), 23.8 (q);
m/z (ESI) Found: 600.1227 ([M + Na]+, C27H32NO5INa requires
600.1223), 600 ([M + Na]+, 100%); (1S,7aS)-1-(2H-chromen-4-yl)-
5,5-dimethyldihydro-1H-[1,3]oxazolo[3,4-c][1,3]oxazol-3-one was
also obtained: [a]20


D +60.3 (c 5.97 in CDCl3); mmax/cm−1 (CDCl3)
2939, 2846, 1732, 1660, 1606, 1576 and 1495; dH (360 MHz, CDCl3,
298 K) 7.18 (1 H, app dt, J 7.7 and 1.4 ArH), 6.94–6.87 (2 H, m,
ArH), 6.78 (1 H, dd, J 7.6 and 1.5, ArH), 6.05 (1 H, t, J 3.8,
[rotamer 1 + rotamer 2] =CH), 5.21–5.20 (1 H, m, CHO), 4.85–
4.82 (2 H, m, CH2O), 4.20 (1 H, dd, J 8.0 and 6.4, CHHO), 4.11
(1 H, ddd, J 7.8, 6.3 and 5.3, CHN), 3.84 (1 H, app t, J 8.0,
CHHO), 1.77 (3 H, s, C(CH3)(CH3)), 1.41 (3 H, s, C(CH3)(CH3));
dC (90 MHz, CDCl3, 330 K) 156.1 (s), 154.8 (s), 131.4 (s), 130.0
(d), 122.0 (d), 121.5 (d), 120.1 (s), 119.1 (d), 116.9 (d), 95.2 (s),
76.2 (d), 68.7 (t), 65.1 (t), 64.0 (d), 27.6 (q), 23.3 (q); m/z (ESI)
Found: 288.1239 ([M + H]+, C16H18NO4 requires 288.1237), 288
([M + Na]+, 100%), 244 (85).


(S)-4-[(R)-(2H-1-Benzopyran-4-yl)-(2-iodobenzyloxy)methyl]-2,
2-dimethyloxazolidine-3-carboxylic acid tert-butyl ester (63).
The anti-ether was prepared from the anti-allylic alcohol 61a
using an identical procedure to that described for the preparation
of 62: [a]19


D −15.6 (c 7.60 in CDCl3); mmax/cm−1 (CDCl3) 2976,
2279, 1746 and 1682; dH (360 MHz, CDCl3, 332 K) 7.82 (1 H, dd,
J 7.9 and 1.0, ArH), 7.70–7.50 (2 H, m, ArH), 7.36–7.34 (1 H, m,
ArH), 7.15–7.12 (1 H, m, ArH), 7.00–6.95 (1 H, m, ArH), 6.83 (2
H, dd, J 8.0 and 1.0, ArH), 6.00–5.95 (1 H, m, =CH), 5.30–4.95
(1 H, br s, CHO), 4.86–4.78 (2 H, m, CH2O), 4.63 (1 H, d, J
12.8, ArCHHO), 4.51 (1 H, d, J 12.8, ArCHHO), 4.27 (1 H, dd,
J 8.9 and 3.4, CHHO), 4.21 (1 H, app qn, J 3.4, CHN), 3.04 (1
H, dd, J 8.9 and 6.0, CHHO), 1.62 (3 H, s, C(CH3)(CH3)), 1.51
(12 H, br s, C(CH3)(CH3) and C(CH3)3); dC (90 MHz, CDCl3,
332 K) 154.5 (s), 152.9 (s), 140.8 (s), 139.2 (d), 132.0 (s), 129.3
(d), 129.1 (d), 128.3 (d), 124.2 (d), 121.7 (s), 121.4 (s), 116.2 (d),
97.5 (s), 95.0 (s), 80.4 (s), 76.05 (t), 76.0 (d), 65.5 (t), 63.3 (t),
59.4 (d), 28.7 (q), 26.4 (q), 25.1 (q); m/z (ESI) Found: 600.1267
([M + Na]+, C27H32NO5INa requires 600.1223), 600 ([M + Na]+,
100%); (1R,7aS)-1-(2H-chromen-4-yl)-5,5-dimethyldihydro-
1H-[1,3]oxazolo[3,4-c][1,3]oxazol-3-one (0.27 g, 16%) was also
obtained as an oil; dH (360 MHz, C6D6, 325 K) 7.03–7.00 (1 H, m,
ArH), 6.88 (1 H, dd, J 8.1 and 1.1, ArH), 6.75 (1 H, dd, J 7.6 and
1.2, ArH), 6.49 (1 H, dd, J 7.6 and 1.4, ArH), 5.80 (1 H, t, J 3.7,
[rotamer 1 + rotamer 2] =CH), 5.13 (1 H, m, CHO), 4.47–4.45 (2
H, m, CH2O), 4.18 (1 H, app q, J 7.6, CHN), 3.35 (2 H, d, J 7.6,
CH2O), 1.79 (3 H, s, C(CH3)(CH3)), 1.42 (3 H, s, C(CH3)(CH3));
dC (90 MHz, C6D6, 325 K) 155.1 (s), 154.3 (s), 129.7 (d), 129.0 (s),
121.6 (d), 120.8 (d), 119.6 (s), 118.5 (d), 116.5 (d), 94.2 (s), 71.3
(d), 67.7 (2 × CH2), 60.8 (d), 27.4 (q), 22.9 (q); m/z (ESI) Found:
288.1211 ([M + H]+, C16H18NO4 requires 288.1237), 288 ([M +
H]+, 100%).


tert-Butyl (4S)-2,2-dimethyl-4-[(3′S,4R)-1′H-spiro[chromene-
4,4′-isochromen]-3′-yl]-1,3-oxazolidine-3-carboxylate (64).


Method 1. A slurry of triphenylphosphine (839 mg, 3.14 mmol),
silver carbonate (1.75 g, 6.28 mmol), the 2-iodobenzyl ether 62


(1.81 g, 3.14 mmol) and palladium acetate (178 mg, 0.784 mmol)
was heated under reflux in a nitrogen atmosphere in tetrahydro-
furan (100 mL) for 2 days, then cooled to room temperature. The
mixture was refluxed for 2 days, cooled to room temperature and
filtered through Celite R©. The filter cake was washed with ethyl
acetate portion-wise (5 × 10 mL), and the combined filtrates
were washed with brine (50 mL), dried and concentrated in vacuo.
The residue was purified by chromatography, eluting with diethyl
ether–petrol (20 : 80), to give the spiro-benzpyran (460 mg, 41%).


Method 2. The procedure already described was followed except
that the mixture was heated in DMA at 90 ◦C for 4 days. The
crude product was purified by chromatography on silica, eluting
with diethyl ether–petrol (2 : 98 to 20 : 80) to give the spiro-
benzpyran (340 mg, 54%) as a colourless solid; mp 179–180 ◦C;
(Found: C, 71.2; H, 6.9; N, 3.0; C27H31NO5·H2O requires: C, 71.2;
H, 7.0; N, 3.1%); [a]18


D +101.0 (c 1.64 in CDCl3); mmax/cm−1 (CDCl3)
2978, 1682 and 1580; dH (360 MHz, C6D6, 333 K) 7.09–6.99 (5 H,
m, ArH), 6.82–6.79 (1 H, m, ArH), 6.76–6.71 (2 H, m, ArH),
6.59 (1 H, d, J 6.3, =CHO), 5.24 (1 H, d, J 6.3, =CH), 4.84 (2
H, s, ArCH2O), 4.67 (1 H, dd, J 9.0 and 4.7, CHN), 3.81 (1 H,
d, J 9.0, CHO), 3.47 (1 H, dd, J 9.0 and 4.8, CHHO), 2.72 (1 H,
app t, J 9.0, CHHO), 1.86 (3 H, s, C(CH3)(CH3)), 1.65 (3 H, s,
C(CH3)(CH3)), 1.62 (9 H, s, C(CH3)3); dC (90 MHz, C6D6, 333 K)
152.2 (s), 143.9 (s), 137.8 (d), 133.6 (s), 131.0 (d), 129.6 (d), 128.1
(d), 126.8 (d), 125.9 (d), 123.9 (s), 123.4 (d), 123.2 (d), 116.25 (d),
106.5 (d), 92.95 (s), 82.8 (d), 78.3 (s), 69.1 (t), 66.2 (t), 58.2 (d),
42.4 (s), 28.2 (q), 27.05 (q), 23.8 (q); m/z (ESI) Found: 472.2081
([M + Na]+, C27H31NO5Na requires 472.2100), 513 ([M + CH3CN
+ Na]+, 100%), 472 (65). A small amount (8%) of the 7-ring ether
65 was also isolated; [a]17


D +112.7 (c 0.60 in CDCl3); mmax/cm−1


(CDCl3) 2934, 1682 and 1600; dH (360 MHz, CDCl3, 328 K) 7.53–
7.50 (2 H, m, ArH), 7.43–7.36 (2 H, m, ArH), 7.27–7.25 (2 H, m,
ArH), 7.20–7.16 (1 H, m, ArH), 6.94–6.90 (1 H, m, ArH), 5.79 (1
H, d, J 4.0, CHO), 5.19 (1 H, d, J 14.1, ArCHHO), 4.67 (1 H, d,
J 12.4, CHHO), 4.60 (1 H, d, J 14.1, ArCHHO), 4.46 (1 H, d, J
12.4, CHHO), 4.17 (1 H, dd, J 7.5 and 4.1, CHN), 3.64–3.63 (2 H,
m, CHCH2O), 1.49 (9 H, s, C(CH3)3), 1.29 (3 H, s, C(CH3)(CH3)),
0.91 (3 H, s, C(CH3)(CH3)); dC (90 MHz, CDCl3, 328 K) 157.4 (s),
152.9 (s), 141.0 (s), 136.9 (s), 132.3 (s), 132.1 (s), 129.2 (d), 128.5
(d), 128.0 (d), 127.7 (d), 127.6 (d), 125.8 (s), 124.2 (d), 121.8 (d),
116.5 (d), 94.4 (s), 80.1 (s), 78.0 (d), 68.7 (t), 68.5 (t), 64.2 (t), 61.7
(d), 28.7 (q), 25.3 (q) 23.7 (q); m/z (ESI) Found: 472.2067 ([M +
Na]+, C27H31NO5Na requires 472.2100), 472 ([M + Na]+, 100%),
350 (75), 336 (31), 257 (18).


X-Ray crystal structure of the spiro-benzpyran 64. C27H31NO5,
M = 449.53, monoclinic, a = 9.4857(10), b = 9.8441(10), c =
13.0354(14) Å, b = 100.138(2)◦, U = 1198.2(4) Å3, T = 150(2) K,
space group P21 (No. 4), Z = 2, Dc = 1.246 g cm−3, l(Mo-Ka) =
0.080 mm−1, 7124 reflections collected, 2980 unique (Rint 0.033)
which were used in all calculations. Final R1 [2238 F > 4r(F)] =
0.0376 and wR(all F 2) was 0.0739. CCDC reference number
613519. For crystallographic data in CIF or other electronic
format see DOI: 10.1039/b609604b
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The crystal structures of five model peptides Piv-Pro-Gly-NHMe (1), Piv-Pro-bGly-NHMe (2),
Piv-Pro-bGly-OMe (3), Piv-Pro-dAva-OMe (4) and Boc-Pro-cAbu-OH (5) are described (Piv: pivaloyl;
NHMe: N-methylamide; bGly: b-glycine; OMe: O-methyl ester; dAva: d-aminovaleric acid; cAbu:
c-aminobutyric acid). A comparison of the structures of peptides 1 and 2 illustrates the dramatic
consequences upon backbone homologation in short sequences. 1 adopts a type II b-turn conformation
in the solid state, while in 2, the molecule adopts an open conformation with the b-residue being fully
extended. Piv-Pro-bGly-OMe (3), which differs from 2 by replacement of the C-terminal NH group by
an O-atom, adopts an almost identical molecular conformation and packing arrangement in the solid
state. In peptide 4, the observed conformation resembles that determined for 2 and 3, with the dAva
residue being fully extended. In peptide 5, the molecule undergoes a chain reversal, revealing a b-turn
mimetic structure stabilized by a C–H · · · O hydrogen bond.


Introduction


Recent interest in the conformational properties of oligopeptides
formed by b-amino acids and higher omega amino acid analogues
has been stimulated by the recognition that new classes of
folded structures can be formed by homooligomers of backbone
homologated amino acids.1–2 Hybrid sequences containing a- and
x-amino acids are of special interest in the rational design of
secondary structures generated by insertion of additional atoms
into polypeptide backbones.3–7 As part of a systematic investi-
gation, we have examined the effects of backbone homologation
on the structures of simple proline containing peptides. b-turn
formation is favorable in Pro–X sequences, because the two stable
states for Pro residues, right handed helical, aR (φ = −60◦, w =
−30◦) and polyproline II, PII (φ = −60◦, w = 120◦), are the
conformations necessary at the i + 1 position of type I/III and
type II b-turns, respectively.8 In an earlier study, we have reported
the characterization of the type II b-turn conformation in the
model peptide Piv-Pro-Gly-NHMe (1) (Piv: pivaloyl; NHMe:
N-methylamide), determined ab initio from powder diffraction
data.9 In this report, we describe the structures of 1 and its
backbone homologue Piv-Pro-bGly-NHMe (2) (bGly: b-glycine)
determined by single crystal X-ray diffraction. The choice of the
pivaloyl blocking group for proline was based on earlier studies,
which establish that the use of a bulky N-terminus protecting
group restricts the amide bond preceding proline to the trans
conformation.10 A brief description of the crystal structure of
Piv-Pro-bGly-NHMe appeared as early as 1989.11 However, only
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backbone dihedral angles were reported and no coordinates are
available in the Cambridge Structural Database (note that in ref.
11 the bGly residue is referred to as bAla, which was the originally
used nomenclature. Subsequent to the rapid growth of the field of
b-peptides, the term bHGly has been suggested,1 simplified here
as bGly). The structures of 1 and 2 are dramatically different. The
structures of Piv-Pro-bGly-OMe (3) and Piv-Pro-dAva-OMe (4)
(dAva: d-aminovaleric acid; OMe: O-methyl ester) are shown to be
remarkably similar to the extended conformation, characterized
for Piv-Pro-bGly-NHMe (2). Clearly, b-turn disruption occurs
upon insertion of the additional methylene group (–CH2–) of
bGly and the three –CH2– groups of dAva into the polypeptide
backbone. The structure of Boc-Pro-cAbu-OH (5) (cAbu: c-
aminobutyric acid) is also described. Here, the observed C–H · · · O
hydrogen bond stabilized the b-turn domain, closely resembling
that established earlier in Piv-Pro-cAbu-NHMe (6), determined
by powder X-ray diffraction.12


Results and discussion


Peptide conformations in crystals


The conformations characterized for peptides 1–5 in crystals are
shown in Fig. 1. The backbone torsion angles are summarized
in Table 1. Table 2 lists the observed intra- and intermolecular
hydrogen bond parameters. The structure observed for Piv-Pro-
Gly-NHMe (1) is an almost ideal type II b-turn stabilized by a
4 → 1 hydrogen bond between the C=O of the Piv group and
NH of the methylamide group (N3 · · · O0 = 2.962 Å; H · · · O0 =
2.266 Å; ∠NH · · · O = 154.9◦). The RMSD obtained upon
superposing the non-hydrogen atoms in the structures determined
by powder diffraction9 and single crystal (present work) methods
is 0.09 Å. The near identity of the structures obtained using
different datasets, powder and single crystal, is gratifying. The
structure of peptide 2 provides insights into the effect of insertion
of atoms into a folded peptide backbone, revealing disruption of
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Fig. 1 Molecular conformations of a) Piv-Pro-Gly-NHMe (1), b) Piv-Pro-bGly-NHMe (2), c) Piv-Pro-bGly-OMe (3), d) Piv-Pro-dAva-OMe (4),
e) Boc-Pro-cAbu-OH (5), f) Piv-Pro-cAbu-NHMe12 (6) in crystals.


the b-turn conformation and loss of the intramolecular 4 → 1
hydrogen bond. The backbone torsion angles correspond closely
to those determined in an earlier study.11 While the Pro residue
conformation is retained PII (polyproline), the bGly residue
adopts an extended geometry of h ∼ −179.4◦, very close to the
ideal trans conformation of the Cb–Ca bond. The structure of Piv-
Pro-bGly-OMe (3) is remarkably similar to that of (2), suggesting
that the hydrogen bond involving the C-terminal NH group may
not have a predominant influence in determining the molecular
conformation and crystal packing. Interestingly, the Pro residue


in Piv-Pro-dAva-OMe (4) also adopts the PII conformation.
Inspection of the structures shown in Fig. 1b, c and d reveals that
there is a gross overall similarity between peptides 2, 3 and 4. The
dAva residue adopts an all trans conformation about the Cd–Cc,
Cc–Cb and Cb–Ca bonds. The structure of peptide 5, Boc-Pro-
cAbu-OH reveals a folded conformation stabilized by a C–H · · · O
hydrogen bond involving one of the a-methylene hydrogen atoms
of the cAbu residue and the C=O group of Boc. A similar reverse
turn has been observed in the structure of Piv-Pro-cAbu-NHMe
determined from powder X-ray diffraction data (Fig. 1f).12 Fig. 2
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Table 1 Torsion angles (deg)a for peptides 1–5


Peptide Residue φ h1 h2 h3 w x


1 Pro −59.5 — — — 133.5 −178.7
Gly 72.3 — — — 13.4 −178.4


2 Pro −53.4 — — — 140.5 −175.8
bGly 87.3 −179.4 — — −158.3 −179.0


3 Pro −54.1 — — — 144.9 178.3
bGly 99.6 179.0 −164.1 −178.1


4 Pro −54.9 — — — 142.9 177.3
dAva 94.2 −179.9 179.3 175.7 −147.4 −178.8


5 Pro −56.0 — — — 141.5 180.0
cAbu 100.4 −60.8 −68.9 — 169.1 —


a For a-residue nomenclature see ref. 8c and for x-residue nomenclature see ref. 7a.


Table 2 Hydrogen bond parameters in peptides 1–5a


Peptide Type Donor (D) Acceptor (A) D · · · A (Å) H · · · A (Å) C=O · · · H (deg) C=O · · · D (deg) D–H · · · A (deg)


1 Intramolecular 4 → 1 N0M O0 2.962 2.266 136.4 133.7 154.9
Intermolecular N2 O2b 2.938 2.081 127.6 128.9 174.6


2 Intermolecular N2 OW 2.874 2.014 178.7
N0M O1b 3.088 2.185 126.7 126.9 171.0
C1A OW 3.472 2.641 140.5
OW O0c 2.841 1.854 144.0 143.3 177.1
OW O1d 2.816 1.971 130.6 132.5 172.9


3 Intermolecular N2 OW 2.877 2.042 174.8
C1A OW 3.414 2.658 133.5
OW O1e 2.770 1.954 134.5 136.7 171.0
OW O0f 2.812 1.971 145.6 144.0 174.1


4 Intermolecular N2 OW 2.890 2.041 169.0
C1A OW 3.301 2.499 138.9
OW O1g 2.775
OW O0h 2.785


5 Intramolecular C2A O0 3.573 2.632 124.3 125.3 174.4
Intermolecular N2 O1i 2.908 2.116 175.5 171.3 157.8


O3 O0j 2.691 1.780 128.8 125.6 170.3
C1D O2k 3.613 2.648 152.3 152.2 173.5


a Estimated standard deviations in the hydrogen bond lengths and angles are approximately 0.004 Å and 0.5◦ respectively. b Symmetry related by (x + 1,
y, z). c Symmetry related by (x − 1, y, z). d Symmetry related by (−x − 1, y + 1/2, −z + 1/2). e Symmetry related by (−x, y + 1/2, −z + 1/2). f Symmetry
related by (−x, y − 1/2, −z + 3/2). g Symmetry related by (−x − 1, y − 1/2, −z + 3/2). h Symmetry related by (x + 1/2, −y + 1/2, −z). i Symmetry
related by (x + 1/2, −y + 1/2, −z + 1). j Symmetry related by (y, −x + y, z − 1/6). k Symmetry related by (x − y, x, z + 1/6). l Symmetry related by (x +
1, y, z).


Fig. 2 Superposition of the structures Boc-Pro-cAbu-OH (black) and
Piv-Pro-cAbu-NHMe (grey). The representation was generated by using
the program MolMol.45


Fig. 3 Superposition of the peptides Boc-Pro-cAbu-OH (grey) and
Piv-Pro-Gly-NHMe (black), RMSD = 0.32 Å. The representation was
generated by using the program MolMol.45
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Fig. 4 A view of crystal packing in a) Piv-Pro-bGly-NHMe (2), b) Piv-Pro-bGly-OMe (3) and c) Piv-Pro-dAva-OMe (4). The intermolecular hydrogen
bond for peptide 2 is shown as dotted lines.


shows a superposition of these two closely related structures.
While the C–H · · · O hydrogen bond orientations in the two
peptides superpose reasonably well, significant differences are
observed in the orientation of the central peptide unit (Pro-cAbu).
In 5, Pro adopts a PII conformation while the cAbu residue
adopts the gauche, gauche (g−g−) conformation about the Cc–Cb


and Cb–Ca bonds (Table 1). In contrast, the cAbu residue in
Piv-Pro-cAbu-NHMe, has the following torsion angles (φPro =
−71.0◦, wPro = −26.1◦, φcAbu = −77.2◦, h1


cAbu = −50.2◦, h2
cAbu =


−172.2◦ and wcAbu = 140.0◦).12 The notable difference is that
in this peptide, the cAbu residue adopts a g−t conformation.
The central peptide unit is flipped in peptide 5 as compared


to Piv-Pro-cAbu-NHMe and the comparison of � and h1


torsion angles reveals a compensating effect, which permits
retention of the overall fold of the peptide chain. The C–H · · · O
hydrogen bond mediated chain reversal in 5 mimics the N–H · · · O
hydrogen bonded b-turn structure determined in 1. Fig. 3 shows
a superposition of the structures of peptides 1 and 5, displaying
the remarkable similarity of the overall fold of the backbone.


Molecular packing


A view of the packing motif in the three structures (2–4) is
illustrated in Fig. 4. Peptides 2 and 3, which differ only by
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replacement of an NH group in 2 and an O-atom in 3 pack
in an almost identical manner. Both peptides crystallized as
monohydrate with water molecules linking symmetry related pep-
tides. In addition, the single peptide hydrogen bond between the
methylamide NH and the Pro C=O group of a symmetry related
molecule is observed in the crystal structure of 2. Replacement of
the methylamide NH group by O in 3 does not disturb the packing
arrangement, suggesting that this hydrogen bond may not be a
major determinant of the solid state packing. Retention of the
molecular conformation upon replacement of a hydrogen bonded
NH by an O-atom has been earlier demonstrated in depsipeptide
analogues in which an alanine residue is replaced by a lactic
acid residue.13 The co-crystallized water molecule is clearly an
important determinant of the molecular packing in crystals of
peptides 2 and 3. An expanded view of the water environment
in these two cases is shown schematically in Fig. 5a and 5b. In
both cases, the water molecule forms three hydrogen bonds, acting
as a hydrogen donor in two instances and as an acceptor in the
third. The packing arrangement in peptide 4 is very similar with
a single water molecule bridging three symmetry related peptides.
A similarity of the water environment is also evident in Fig. 5c.
There is no solvent molecule in the crystal structure of peptide 5.
Two independent hydrogen bonds Pro(1) C=O · · · H–N cAbu(2)
and Boc(0) C=O · · · H–O cAbu(2) hold the peptide molecules
in columns along the c-axis. The right-handed 61-screw axis
results in generation of the peptide columns in crystals, shown in
Fig. 6.


Potential C–H · · · O interaction


Considerable recent discussion has centered on the role of
stabilizing C–H · · · O interactions in determining the packing of
organic molecules in crystals14 and in determining the folded
structures of biological molecules.15 In the structure of peptide
5, attention has been drawn to an intramolecular C–H · · · O
interaction, which appears to facilitate the formation of a b-
turn mimetic conformation (Fig. 1e) as noted in earlier studies
of ac hybrid peptides.12,16 This intra chain hydrogen bond mimics
the 10-atom (C=Oi · · · H–Ni + 3) hydrogen bond observed in a
conventional b-turn structure.17 In the structures described here,
an additional C–H · · · O interaction involving the Pro CaH and
CdH groups may also be identified. In peptide 5, there is a lateral
C–H · · · O interaction involving the Cd atom of Pro and the C=O
group of cAbu with a symmetry related molecule (Table 2).
This kind of weak C–H · · · O interaction is often observed in
proteins.15e In peptides 2, 3 and 4, potential C–H · · · O interactions
involving the CaH Pro and the water molecule are observed
(Table 2). Consideration of these possibilities would imply that
the water molecule participates in two donor and two acceptor
interactions.


Conformations of bGly residues


bGlycine, a glycine homolog (3-amino propanoic acid, referred to
in the earlier literature as “b-alanine”) is the simplest member of
the omega amino acid series. Glycine occupies a special position
in discussions of a-peptide conformations, since it is the only
achiral residue in proteins as it lacks substituents at the Ca-atom.
These features result in a symmetrical Ramachandran map for


Fig. 5 A schematic view of the environment of water molecule in
peptides a) Piv-Pro-bGly-NHMe (2), b) Piv-Pro-bGly-OMe (3) and
c) Piv-Pro-dAva-OMe (4).


Gly residues encompassing a significantly larger degree of the
conformational space as compared to the Ca-trisubstituted chiral
residues.18 By extension, bGly conformations serve as a starting
point for a systematic understanding of b-peptide structures.
The structure determination of peptides 2 and 3 prompted us
to examine the conformational distribution of bGly residues in
available peptide structures. Fig. 7 shows a distribution of observed
conformations in φ, w space. Conformational families represented
by three possible conformational states about the Cb–Ca bonds [h ≈
180◦ (t), h ≈ −60◦ (g−) and h ≈ 60◦ (g+)] are marked by different
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Fig. 6 Packing of peptide molecules Boc-Pro-cAbu-OH (5) in the unit cell.


Fig. 7 Observed conformation of bglycine residues in the crystal struc-
tures of synthetic acyclic peptides represented on a two-dimensional φ–w
plot. �: h = 180◦ for achiral peptides; �: h = 180◦ for chiral peptides; �:
h = −60◦ for achiral peptides; �: h = −60◦ for chiral peptides; �: h = +60◦


for achiral peptides; �: h = +60◦ for chiral peptides. Note the observed
h values for achiral peptides are listed twice in the figure ensuring both +
and − values.


symbols. The observed clustering is skewed towards extended
values of φ and w (Table 3).


Conclusions


A comparison of the structures of Piv-Pro-Gly-NHMe (1) and
Piv-Pro-bGly-NHMe (2) reveals that insertion of a single sp3


carbon atom into the backbone can result in a dramatic change
in the molecular conformation. In ab-hybrid peptide sequences
an expanded b-turn of the C11-type is possible,4,19,21,38,39 but this
has not been observed in the case of 2. The near identity of the
crystal structures of 2 and the analogue Piv-Pro-bGly-OMe (3),
suggests that the hydrogen bond involving the terminal NH group
in 2 is not a determinant of the molecular packing in crystals. A
similar molecular conformation is observed in the homologous
peptide Piv-Pro-dAva-OMe (4). In peptides 2, 3 and 4, all of the
x-amino acid residues adopt the trans conformation about the
backbone C–C bonds (h). In contrast, in Boc-Pro-cAbu-OH (5),
the cAbu residue adopts a gauche, gauche (g−g−) conformation.
The structures of Boc-Pro-cAbu-OH (5) and Piv-Pro-Gly-NHMe
(1) show a striking resemblance, with a reversal of backbone
direction. In the Pro-cAbu sequence, a C–H · · · O hydrogen bond
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Table 3 Conformations of bGly residues in the crystal structure of acyclic peptides


Torsion angles/deg


Sequences Residue φ h w References


h = 180◦


Boc-bGly-mABA-OMe bGly(1) −139.2 173.1 142.8 20
Boc-Aib-bGly-NHMe bGly(2) −132.8 165.0 131.7 21
Boc-bGly-Aib-OMe Mol B bGly(1) −106.4 161.2 142.7 22
Boc-bGly-Pda bGly(1) −115.3 173.1 121.6 23
Boc-bGly-DAla-NHMe bGly(1) −120.9 167.2 117.7 24
Boc-bGly-NHMe bGly(1) −145.5 171.6 154.5 25
Ac-Gly-bGly-Gly-bGly-NHpropyl bGly(4) 175.0 −177.2 −170.5 26
Ac-Gly-bGly-Gly-bGly-NHpropyl bGly(2) 169.0 180.0 −164.0 26
Boc-bGly-Aib-bGly-NHMe bGly(3) 82.7 −177.4 −117.3 27
Boc-Aib-bGly-Aib-OMe bGly(2) −87.0 −177.2 91.1 28
Ac-bGly-(R)-Nip-(S)-Nip-bGly-NHMe Mol A bGly(1) 176.2 174.7 −173.4 29


bGly(4) −161.1 −178.4 160.5 29
Ac-bGly-(R)-Nip-(S)-Nip-bGly-NHMe Mol B bGly(1) −171.5 171.4 −168.3 29


bGly(4) −176.9 175.6 −172.9 29
Boc-Ala-bGly-NHMe bGly(2) 135.9 −175.8 −163.4 21
Piv-Pro-bGly-OMe bGly(2) 99.5 178.9 −164.0 Present study
Piv-Pro-bGly-NHMe bGly(2) 87.3 −179.3 −158.3 Present study
Boc-bGly-Ala-NHMe bGly(1) 120.6 −167.1 −118.2 30
Boc-Leu-Aib-bGly-OMe Mol A bGly(3) 69.2 163.3 166.7 31
Boc-Leu-Aib-bGly-OMe Mol B bGly(3) −125.5 −177.3 −112.4 31
Boc-Ala-Aib-bGly-OMe bGly(3) −81.4 −173.0 −99.3 32
Boc-bGly-Aib-bGly-OMe bGly(3) 84.1 −175.6 77.5 33
Boc-bGly-Leu-Aib-Val-OMe bGly(1) −78.7 172.1 103.3 34


h = −60◦


Boc-Aib-Val-Aib-bGly-OMe bGly(4) −81.0 −65.4 −35.7 35
Piv-bGly-OH bGly(1) −78.5 −68.2 166.1 Unpublished result
Boc-bGly-Aib-bGly-OMe bGly(1) −83.8 −77.6 146.8 33
Boc-bGly-Aib-bGly-NHMe bGly(1) 136.3 −61.9 100.1 27
Boc-Ala-Gly-bGly-OMe bGly(3) −79.3 −60.4 −177.9 32
Boc-bGly-Ac6c-OMe bGly(1) 134.2 −64.8 145.8 36
Boc-bGly-Ac5c-OMe Mol B bGly(1) 115.7 −61.2 123.4 42
Boc-bGly-Aib-OMe Mol A bGly(1) 138.8 −71.0 137.8 22
Boc-LPip-bGly-NHMe bGly(2) 123.0 −60.2 134.7 37


h = 60◦


Boc-Leu-Aib-Val-bGly-cAbu-Leu-Aib-Val-Ala-Leu-Aib-OMe bGly(4) −102.6 78.5 −106.9 3d
Boc-Leu-Aib-Val-bGly-cAbu-Leu-Aib-Val-OMe bGly(4) −130.3 75.9 −162.3 3d
Boc-bGly-Aib-Leu-Aib-OMe bGly(1) −103.8 83.7 −84.7 38
LeucinostatinA, acyclic nonapeptide from Paecilomyces
marquandii


bGly(9) −103.0 80.0 −78.0 39


Boc-bGly-Ac5c-OMe Mol A bGly(1) −112.6 67.8 −130.6 42
Boc-bGly-OH bGly(1) 87.0 67.0 −175.0 40
N-Chloroacetyl-bGly bGly(1) 80.5 73.1 174.2 41
Boc-Aib-Aib-bGly-NHMe bGly(3) −88.0 71.0 −101.3 21


acts as a mimetic of the N–H · · · O hydrogen bond in the classical
peptide b-turn.


Experimental


Synthesis of peptides 1–5


Peptides 1–5 were synthesized by a conventional solution phase
procedure, purified by reverse phase (C18) medium pressure liquid
chromatography and were characterized by electrospray ionization
mass spectrometry.43


X-Ray diffraction


Crystals of peptides 1–5 were grown by slow evaporation from
the solvents water (peptide 1), dimethylsulfoxide–water (peptide
2), methanol–water (peptide 3) and ethyl acetate (peptides 4
and 5). X-Ray intensity data for crystals 1–5 were collected


at room temperature on a Bruker AXS SMART APEX CCD
diffractometer with graphite monochromated MoKa (k = 0.71073
Å) radiation. The x scan type was used. The structures of 1–5
were determined by direct phase determination using the program
SHELXS-97.44a Refinements of all five structures were carried out
against F 2, with a full matrix anisotropic least-squares method
using the program SHELXL-97.44b The single water molecule was
located from the difference Fourier maps in peptides 2, 3 and 4.
Hydrogen atoms bonded to C1A(Pro); N2(Gly); N0M(NHMe) for
peptide 1, C1A(Pro); N0M(NHMe); OW for peptide 2, C1A(Pro);
N2(bGly); OW for peptide 3 and C1A(Pro); N2, C2A, C2B(cAbu);
O3(OH) for peptide 5 were located from the difference Fourier
maps. The remaining hydrogen atoms of peptides 1, 2, 3, 5 and all
the hydrogens of peptide 4, which could not be located, were fixed
geometrically in the idealized positions and refined in the final
cycle as riding over the heavier atom to which they were bonded.
In these all-light-atom structures with no significant anomalous
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Table 4 Crystal and diffraction parameters


Peptide 1 Peptide 2 Peptide 3 Peptide 4 Peptide 5


Empirical formula C13H23N3O3 C14H25N3O3·H2O C14H24N2O4·H2O C16H28N2O4·H2O C14H24N2O5


Formula weight 269.0 301.0 302.0 330.0 300.0
Crystal habit Rectangular Rectangular Rectangular Plate Rod
Crystal size (mm) 0.55 × 0.45 × 0.15 0.52 × 0.35 × 0.1 0.53 × 0.4 × 0.1 0.37 × 0.17 × 0.05 0.55 × 0.14 × 0.1
Crystallizing solvent Water Dimethylsulfoxide–water Methanol–water Ethyl acetate Ethyl acetate
Space group P1 P212121 P212121 P21212 P61


Cell parameters
a/Å 5.8431(12) 6.297(3) 6.157(2) 11.330(10) 9.7591(16)
b/Å 7.9668(17) 11.589(5) 11.547(4) 25.56(2) 9.7591(16)
c/Å 9.1733(19) 22.503(9) 23.404(8) 6.243(6) 29.158(10)
a/deg 114.831(3) 90 90 90 90
b/deg 97.043(3) 90 90 90 90
c /deg 99.449(3) 90 90 90 120
Volume/Å3 373.43(13) 1642.2(11) 1663.9(10) 1808(3) 2405.0(10)
Z 1 4 4 4 6
Molecules/asym. unit 1 1 1 1 1
Co-crystallized solvent None One water One water One water None
Molecular weight 269.34 301.39 302.37 328.40 300.35
Density/g cm−3 (calc) 1.198 1.219 1.207 1.206 1.244
F(000)/radiation 146/MoKa 656/MoKa 656/MoKa 712/MoKa 972/MoKa


Temperature/◦C 20 20 20 20 20
2h max (◦)/Rint 54.38/0.0265 54.90/0.0409 55.0/0.0364 46.52/0.0368 54.8/0.1109
Measured reflections 3984 12803 13048 7348 19265
Independent reflections 2893 3455 3482 2578 3431
Unique reflections 1528 2054 2078 1533 1809
Observed reflections
[|F o| > 4r(|F o|)]


1496 1861 1874 1406 1537


Final R (%)/wR2 (%) 3.65/9.79 4.39/12.11 5.00/13.79 9.19/23.44 7.73/12.43
Goodness-of-fit 1.069 1.076 1.124 1.143 1.263
Dqmax (eÅ−3)/Dqmin (eÅ−3) 0.180/−0.183 0.294/−0.151 0.325/−0.155 0.307/−0.285 0.187/−0.153
Restraints/parameters 3/184 0/206 0/206 1/208 1/218
Data-to-parameter ratio 8.1 : 1 9.0 : 1 9.1 : 1 6.8 : 1 7.1 : 1


scatterers the Friedel pairs were merged before the final refinement
cycles. The relevant crystallographic data collection parameters
and structures refinement details are summarized in Table 4. ‡
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Chiral 9-oxazolidinyl anthracene derivatives have been prepared as single diastereoisomers by
condensation of 9-anthraldehyde with the appropriate N-alkyl amino alcohol. Asymmetric Diels–Alder
cycloadditions of these with N-methyl maleimide proceeds in good yield and in good
diastereoselectivity, the sense of which may be controlled by judicious choice of the N-alkyl group.


Introduction


The use of chiral auxiliaries for achieving stereocontrol has been
popularised through the work of groups such as Evans and
Oppolzer, and is now widely used in the academic and indus-
trial organic chemistry communities.1 The plethora of synthetic
transformations that may be performed on the auxiliary–substrate
adduct is primarily determined by the group that is attached to
the auxiliary. Thus, Evans’ auxiliary is usually attached to an
acid chloride through formation of an acyl bond and the range
of synthetic transformations that can be performed may then
be considered as being dependant upon formation of this type
of bond. Thus, enolate alkylation, aldol addition and conjugate
addition can all be performed in excellent diastereoselectivity
and good yield.2 However, addition of Grignard or alkyl lithium
reagents can often result in complex mixtures, including addition
at the oxazolidinone carbonyl group.3 If a different attachment
strategy could be employed that makes a different type of bond,
then other synthetic transformations not normally amenable to
regular auxiliaries would become available.


Based on this approach, research by this group and others
has described the use of chiral 9-substituted anthracenes such
as 9-methoxyethyl anthracene 1 and 9-trifluoromethoxyethyl
anthracene 2 as a new class of chiral auxiliary.4 Here diastereose-
lective addition of an alkene occurs across the 9 and 10 positions
of the anthracene moiety, the selectivity of which is controlled
by the stereogenic centre pendant from the anthracene. Cleavage
of the auxiliary from the substrate can then be achieved through
photolysis and/or flash vacuum pyrolysis. In previous studies we
and others had to resort to introduction of the stereogenic centre
of the anthracene moiety by asymmetric synthesis. Although this
method gave the desired targets in good enantiomeric excess,
we were interested in developing methods to install stereogenic
elements directly. This should greatly simplify the preparation of a
suitable auxiliary, however the stereogenic elements should be able
to control the diastereoselectivity of the alkene cycloaddition with
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comparable levels of diastereoselectivity to those as previously
observed. Previous attempts at using the 2-(anthr-9-yl)oxazolinyl
anthracene have shown that the stereogenic centre in this species
lies too far away from the reactive centre to exert any degree of
stereocontrol in the Diels–Alder cycloaddition.5 Therefore, it was
proposed that if another stereogenic centre was installed closer to
the anthracene ring, it should enhance the selectivity. Thus, the
2-(anthr-9-yl)oxazolidine derivatives 3, 4 and 5 were proposed as
appropriate candidates for investigating this aspect. Each of these
would allow us to probe the role of the nitrogen substituent in
this reaction, with oxazolidine 3 having the potential for hydrogen
bonding, while the other analogues 4 and 5 have protecting groups
with very different steric properties.


There is good precedent for 1,3-oxazolidines controlling stere-
oselective transformations of adjacent sp2 hybridised atoms. 1,3-
Oxazolidines were first used for stereoselective functionaliza-
tion of alkenes by Abdallah et al. in the palladium-catalysed
cyclopropanation of an ephedrine-derived oxazolidine in good
yield and excellent diastereoselectivity (>90%).6 Since then,
other stereoselective transformations include conjugate addi-
tion of cuprates,7 dihydroxylation,8 and intra-molecular bromo-
lactonisation.9 However, the use of chiral oxazolidines to control
the stereochemistry in Diels–Alder cycloadditions is rather lim-
ited. While chiral dienophiles bearing oxazolidines have been used
as stereocontrol elements in Diels–Alder cycloadditions showing
high levels of diastereoselectivity,10 only a single report of the use
of chiral oxazolidinyl dienes has been reported in the synthesis of
hydroxylated piperidines, although the stereoselectivity observed
was rather modest.11
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In this work we report the approaches to the synthesis of
oxazolidines 3–5 and evaluation in Diels–Alder reactions with
N-methyl maleimide.


Results


Condensation between anthracene 9-carboxaldehyde and (S)-
phenylalaninol furnished the 9-anthrylimino alcohol 6 in an
excellent yield of 96% (Scheme 1). This imino alcohol did not
cyclise to form the desired oxazolidine 3 using a range of acidic
catalysts including Amberlyst, ZnCl2, AlCl3, TMSCl and HCl.
In all cases, starting material was returned and in some cases
9-anthraldehyde was also observed. This probably results from
a series of competing reactions, whereby the rate of cyclisation
is slow compared to the rate of hydrolysis and/or iminium ion
formation. As an alternative approach, 9-[4-(S)-benzyloxazolinyl]
anthracene 7, prepared using a previously reported procedure,5


was subjected to catalytic hydrogenation to reduce the double bond
to obtain the target oxazolidine. However, only starting material
was obtained. Attempts to hydrogenate oxazolidine 5 (see later)
also proved unsuccessful.


Scheme 1 Attempted preparation of oxazolidine 3. Reagents and condi-
tions: (a) MgSO4, THF, rt, 4 h; (b) see text; (c) H2, Pd/C, EtOAc or H2,
Pd/C, HOAc, rt, 8–24 h.


Attention was then turned to the N-alkyl oxazolidines and in the
first instance the N-methyl derivative. It was envisioned that the
use of these compounds would lead to the in situ formation of an
iminium ion, increasing the electrophilicity of the carbon centre,
thus facilitating nucleophilic addition of the alcohol. N-Methyl-
(S)-phenylalaninol 10 required for this synthesis was prepared
in a three-step synthetic route starting with treatment of (S)-
phenylalanine with thionyl chloride in dry methanol to form
(S)-phenylalanine methyl ester hydrochloride 8 in excellent yield
(97%). This was reacted with methyl chloroformate forming the
N-methoxyformyl-(S)-phenylalanine methyl ester 9, which was
further reduced to the N-methyl-(S)-phenylalaninol, both steps
proceeding once again in excellent yield (90%). The target oxazo-
line 4 was then easily prepared via a condensation reaction between
anthracene 9-carboxaldehyde and N-methyl-(S)-phenylalaninol
giving a single diastereoisomer of the target compound in excellent
yield (Scheme 2).


Scheme 2 Preparation of oxazolidine 4. Reagents and conditions: (a)
SOCl2, MeOH, rt, overnight; (b) ClCO2Me, NaHCO3, H2O, 0 ◦C→rt,
overnight; (c) LiAlH4, THF, reflux, overnight; (d) anthracene 9-carbox-
aldehyde, MgSO4, THF, rt, 6 h.


The relative stereochemistry around C2 of the oxazolidine ring
was confirmed by single crystal structure and 1H NMR studies (see
below) showing that the ring closure led to the syn isomer with
the anthryl, benzyl and methyl groups all adopting equatorial
positions. This preference is the same as has been previously
observed,8,9 being attributed to the greater thermodynamic sta-
bility of the cis isomer in such five-membered systems.12


The corresponding N-benzyl derivative 5 was prepared via
a similar procedure. Condensation of benzaldehyde with (S)-
phenylalaninol in dry methanol followed by reduction using
sodium borohydride formed the target aminoalcohol 11 in ex-
cellent yield (99%). This was then reacted with anthracene 9-
carboxaldehyde in dry THF in the presence of MgSO4 as before,
however, only 30% conversion was observed after 48 h stirring
at rt, probably due to the increased steric hindrance caused by
the benzyl group. Thus, this reaction was repeated using a Lewis
acid, Mg(OTf)2, in dry CH2Cl2, reaching completion within 48 h
at rt yielding an 85 : 15 mixture of diastereoisomers that was
recrystallised to provide the target oxazolidine 5 in 80% yield as a
single diastereoisomer (Scheme 3).


Scheme 3 Preparation of oxazolidine 5. Reagents and conditions: (a)
MeOH, rt, 1 h; (b) NaBH4, 0 ◦C→rt, 2 h; (c) anthracene 9-carboxaldehyde,
Mg(OTf)2, CH2Cl2, rt, 48 h.


The relative stereochemistry of the major isomer around the C2
of the oxazolidine ring was confirmed by single crystal structure,
again revealing that ring closure took place to provide the syn
isomer as in the case of the formation of N-methyloxazolidine
4. As before, all of the substituents adopt equatorial positions
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minimising 1,3-diaxial interactions, however, the N-benzyl group
now occupied a position over the plane of the anthracene ring
probably as a result of p–p interactions. The slightly reduced
diastereomeric ratio probably results from increased steric in-
teractions of the close proximity of two benzyl groups and the
anthracene ring system.


The N-methyl oxazolidine 4 showed slightly reduced reactivity
in the Diels–Alder cycloaddition with 1 eq. of N-methyl maleimide
in toluene at 80–85 ◦C, giving 60% conversion after 2 h, compared
to 9-methoxyethyl anthracene 1, which gave 100% conversion
under the same conditions. The cycloaddition gave a mixture of
two diastereoisomers in a ratio of 85 : 15, the ratio of which did
not vary with either time or temperature (Scheme 4).


Scheme 4 Diels–Alder addition of N-methyl oxazolidine 4. Reagents and
conditions: (a) 1.0 eq., N-methyl maleimide, toluene, 80–85 ◦C.


Although the conversion to product could be improved by
heating at 90–95 ◦C for 4 h (89%) with no change in diastere-
oselectivity, no improvement in yield or selectivity was obtained
at room temperature with or without Lewis acid-catalysis using
Cu(OTf)2–BEN (N,N-dibenzylidene ethylene diamine).


The major diastereoisomer 12 was isolated by diffusion re-
crystallisation from CH2Cl2–petroleum ether 40–60 ◦C and its
structure was determined by single crystal X-ray diffraction
and 1H NMR studies (see later). As in the case of the parent
oxazolidine 4, all ring substituents occupied equatorial positions.
After recrystallisation, the mother liquor was found to be enriched
with the minor isomer 13 and was thus stirred with an excess of
N-methyl maleimide in toluene for 2 h at 80–85 ◦C showing no
change in the diastereomeric ratio demonstrating that the Diels–


Alder reaction between the N-methyl oxazolidine 4 and N-methyl
maleimide was irreversible and thus kinetically controlled.


The preferred conformation of the oxazolidine 4 would most
likely be such that the aminal hydrogen atom lies parallel to
the anthracene ring system, thus avoiding peri-interactions of
the nitrogen and oxygen substituents of the oxazolidine with the
anthracene ring (Fig. 1). Approach of the dienophile to either
face occurs such as to minimise electrostatic repulsion between the
carbonyl of the N-methyl maleimide and either nitrogen or oxygen
atom in an analogous fashion to the model already generally
accepted for this type of cycloaddition.4c,e,i Approach A is then
favoured since the other face experiences greater steric repulsion
from the large N-methyl group compared to the electrostatic
repulsion from the oxygen atom (Fig. 1).


In order to elucidate the structure of diastereisomer 13, attempts
were made to prepare both cycloadducts 12 and 13 via another
synthetic route. The product of the Diels–Alder reaction between
anthracene 9-carboxaldehyde and N-methyl maleimide rac-14 was
condensed with N-methyl-(S)-phenylalaninol 10 in the presence
of MgSO4 leading to the formation of a mixture of oxazolidines
(Scheme 5). However, the 1H NMR spectrum of the crude product
revealed the formation of two diastereoisomers 15 and 16 in a
60 : 40 ratio, which were not the same as those observed when
the N-methyl oxazolidine 4 was reacted with N-methyl maleimide
in toluene, implying the formation of a product with different
stereochemistry around C2 of the oxazolidine ring. The sensitivity


Scheme 5 Preparation of diastereoisomers 15 and 16. Reagents and
conditions: (a) N-Methyl maleimide, toluene, 80–85 ◦C, 24 h; (b) MgSO4,
THF, rt, 19 h.


Fig. 1 Rationale for the selectivity observed in the Diels–Alder cycloaddition of N-methyl oxazolidine 4 with N-methyl maleimide.
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Table 1 Interconversion of diastereoisomers 15 and 16 to diastereoiso-
mers 12 and 13


Ratio (%)a


Entry Time (day) 12 13 15 16


1 0 0 0 60 40
2 7 16 16 49 19
3 9 16 22 46 16
4 13 29 32 28 10
5 15 37 35 21 7
6 21 45 37 13 5
7 24 48 38 9 4
8 33 53 38 7 2


a Ratio was calculated from the integrals of appropriate signals in the
1H NMR spectrum.


of the crude product to silica gel chromatography prevented the
isolation of these diastereoisomers as it decomposed to form
the starting aldehyde rac-14. Deactivating the silica gel using
triethylamine also led to decomposition. However, attempted
separation of these isomers by recrystallisation from CH2Cl2–
petroleum ether 40–60 ◦C at rt gave the thermodynamically
favoured diastereoisomer 12.


This interconversion was studied further using in situ NMR
studies. The mixture of diastereoisomers 15 and 16 from the
reaction between rac-14 and N-methyl-(S)-phenylalaninol were
left in a CDCl3 solution and analysed over a period of time
(Table 1). Isomers 15 and 16 slowly reverted to a 1 : 1 mixture
of isomers 12 and 13, supporting the thought that the outcome
of the reaction between the adduct rac-14 and N-methyl-(S)-
phenylalaninol 10 was kinetically controlled, forming the trans
oxazolidine adducts 15 and 16, which slowly interconverted to the
thermodynamically more stable cis cycloadducts 12 and 13 over a
prolonged period of time.


Since the poor selectivity observed in this reaction is likely to
be a consequence of the N-methyl phenylalaninol 10 effectively
acting as a resolving agent, a single diastereoisomer of product
would probably be obtained if enantiomerically pure aldehyde
14 was used. Therefore, pure diastereoisomer 12 was stirred for
18 h with silica gel in CH2Cl2–H2O (9 : 1; v/v). This produced
the enantiomerically pure aldehyde adduct (−)-14 in 73% yield
that was involved in a condensation reaction with N-methyl-
(S)-phenylalaninol 10 in dry THF in the presence of MgSO4


giving 78% conversion to the corresponding oxazolidine adduct
15 (Scheme 6).


The 1H NMR spectrum of the crude material revealed that
a single diastereoisomer was formed which was the same as the
major isomer formed when the rac-14 was reacted with N-methyl-
(S)-phenylalaninol 10. This diastereoisomer 15 interconverted
to isomer 12 after 14 days standing in CDCl3 and diffusion
recrystallisation from CH2Cl2–petroleum ether 40–60 ◦C gave a
53% yield of this isomer.


Further confirmation of the cis configuration of the oxazolidine
ring came from comparison of the observed and calcuated dihedral
angles with the predicted magnitude of the coupling constants.
Thus, when both aldehydes rac-14 and (−)-14 were condensed
with N-methyl-(S)-phenylalaninol 10, the 1H NMR spectrum of
the crude diastereoisomers in both cases revealed the appearance
of the two protons H5a and H5b (Fig. 2), as two double doublet


Scheme 6 Formation of aldehyde (−)-14 and condensation with
N-methyl phenylalaninol. Reagents and conditions: (a) SiO2, CH2Cl2–H2O
(9 : 1; v/v), rt, 18 h; (b) N-methyl-(S)-phenylalaninol 10, MgSO4, THF, rt,
19 h; (c) 12 days, CDCl3.


Fig. 2 Structures depicting N-methyl oxazolidine NMR spin system.


signals with large and small coupling constants. However, in the
case of the major isomer 12, the protons H5a and H5b were seen in
the 1H NMR spectrum as two apparent triplets or double doublets
with large coupling constants. A molecular modelling study was
carried out on the adducts 12 and 15 to measure the dihedral
angles between hydrogen atoms (H4 and H5a; H5b in both systems)
(Fig. 2, Table 2).13


The molecular modelling on adduct 15 revealed that the dihedral
angle between H4 and H5b was 117.2◦, whereas between H4 and H5a


was 7.3◦. According to the Karplus correlation, the corresponding
coupling constants for such angles should be small and big
respectively (Table 2). This is in fact what was observed in the
1H NMR spectrum of the crude material. Likewise, according to
the data obtained from the single crystal structure of the major
isomer 12, the dihedral angle between H4 and H5b was found to
be 142.3◦, whereas between H4 and H5a was 21.8◦. These values


Table 2 Observed and calculated bond angles and coupling constants for
diastereoisomers 12 and 15


Isomer HC–CH2 hcalc/
◦a hobs/


◦b Jpred/Hzc Jobs/Hzd


12 H4–H5a 11.9 21.8 7–9 7.8
H4–H5b 135.9 142.3 4–6 7.8


15 H4–H5a 7.3 — 8–9 13.4
H4–H5b 117.2 — 1–2 1.2


a Calculated using molecular modelling. b Measured from crystal structure.
c Predicted range from the Karplus correlation. d Observed values from the
1H NMR spectra.
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correlated well with the calculated ones and correspond to large
coupling constants according to the Karplus prediction.


Likewise, the N-benzyl oxazolidine 5 was involved in a ther-
mal Diels–Alder reaction with N-methyl maleimide in toluene,
showing slightly increased reactivity towards the Diels–Alder
cycloaddition with N-methyl maleimide (81% conversion) after
2 h stirring at 80–85 ◦C, when compared to the reactivity of the N-
methyl counterpart 4 (60% conversion) under the same conditions.
However, this time formation of a single diastereoisomer 17 was
observed with the opposite sense of stereoselection as the N-
methyl counterpart, as confirmed by single crystal X-ray analysis
(Scheme 7).


Scheme 7 Diels–Alder cycloaddition of N-benzyl oxazolidine 5 with
N-methyl maleimide. Reagents and conditions: (a) toluene, 90–95 ◦C, 4 h.


Both the anthryl moiety and N-benzyl group adopted equatorial
conformations to the oxazolidine ring, while the other benzyl
group was enforced to orientate axially to the oxazolidine ring.
Most importantly, the stereochemistry around C2 changed from S
to R configuration, which was rather unusual in such ring systems
as the cis configuration is usually more thermodynamically
stable. Additionally, the coupling constants for the oxazolidine
ring system followed that of the minor isomer formed in the
cycloadditions of N-methyl oxazolidine 4 (Fig. 3, Table 3).


The stereoselectivity of this reaction was believed to follow
the same model as for the N-methyl oxazolidine (Fig. 4), but
since the N-benzyl group is much larger it effectively shuts off
cycloaddition via approach B, exposing only one face to react,
the stereochemistry of which was once again determined using
an electrostatic repulsion model. However, a consequence of this
mode of approach is that the pseudo axial N-benzyl group now
suffers severe steric interaction with the deforming anthracene


Table 3 Observed and calculated bond angles and coupling constants for
diastereoisomer 17


Isomer HC–CH2 hcalc/
◦a hobs/


◦b Jpred/Hzc Jobs/Hzd


17 H4–H5a 10.0 22.5 7–9 6.4
H4–H5b 114.2 98.2 0–2 4.2


a Calculated using molecular modelling. b Measured from crystal structure.
c Predicted range from the Karplus correlation. d Observed values from the
1H NMR spectra.


Fig. 3 Structure depicting N-benzyl oxazolidine NMR spin system.


ring. This effect is relayed to the benzyl stereodirecting group
through 1,2-tortional interactions, ultimately leading to a high
energy transition state. Unable to react via this mode of approach,
the oxazolidine ring undergoes a ring opening–closure process to
generate the much less stable trans-oxazolidine. This once again
has one face of the anthracene blocked by the N-benzyl group and
incurs interaction of this group with the deforming anthracene
ring, but now does not suffer the same 1,2 tortional interactions
since the benzyl stereodirecting group is axial. Cycloaddition
followed by epimerisation of the oxazolidine ring cannot occur
since this would lead to the opposite sense of stereochemistry of
the cycloaddition reaction.


Unfortunately it was not possible to access the stereoisomers
of this reaction by condensation of anthracene 9-carboxaldehyde
cycloadduct rac-14 and N-benzyl-(S)-phenylalaninol 11 in the
presence of Mg(OTf)2, presumably due to the steric effects due
to the bulky amino alcohol being used.


Conclusion


We have demonstrated that chiral oxazolidines may be quickly and
selectively prepared from readily available N-alkyl amino alcohols
and that this class of compound undergoes highly stereoselective
cycloadditions. The sense of diastereoselection of this reaction
depends critically upon the N-alkyl group employed. Although the
level of diastereocontrol is excellent and shows that oxazolidines
may be used effectively to control the outcome of Diels–Alder
cycloadditions, their use in our auxiliary chemistry is limited,
since they appear to easily decompose to afford the corresponding
aldehydes.


Experimental


All solvents used were freshly dried over sodium except CH2Cl2


which was dried over LiAlH4. Et3N was distilled over KOH. Glass-
ware was flame dried and cooled in vacuo before use and all
reactions were carried out under nitrogen unless otherwise stated.
TLC was carried out using Merk aluminium TLC sheets (silica
gel 60 F254). Visualisation of the TLC plates was carried out using
a UV lamp or by dipping in KMnO4 then exposure by heating.
Flash column chromatography was carried out with Fluorochem
Limited Silica Gel 40–63u 60A.


Melting points were measured on a Gallenkamp apparatus and
are uncorrected. Specific rotations were performed on an Optical
Activity LTD. AA-10 automatic polarimeter at 589 nm (Na D-line)
and measured at 20 ◦C unless otherwise stated. [a]D values are given
in 10−1 deg cm2 g−1. All infrared spectra were recorded on a Perkin
Elmer Spectrum RX/FT-IR system with a DuraSamplIR II ATR
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Fig. 4 Model for the diastereoselectivity of oxazolidine 5.


accessory. 250 MHz 1H NMR and 62.5 MHz 13C NMR were
carried out on an AC-250 supported by an Aspect 200 data system.
Residual proton signals from the deuteriated solvents were used
as references [chloroform (1H 7.25 ppm, 13C 77 ppm)]. Coupling
constants were measured in Hz. Mass spectra were recorded on a
Micromass Autospec M spectrometer. Elemental microanalysis
was performed using a Perkin Elmer 2400 CHNS/0 Series II
elemental analyzer.


Data collected were measured on a Bruker Smart CCD area
detector with Oxford Cryosystems low temperature system. Single
crystals of compounds 4, 5, 12 and 17 were grown as described,
mounted in inert oil and transferred to the cold gas stream of
the diffractometer. In all cases, the relative stereochemistry of
the compounds was recorded and cross referenced to the known
stereogenic centre.


[N-(9-Anthracenylmethylene)-(S)-phenylalaninol 6


A solution of anthracene-9-carboxaldehyde (0.567 g, 2.75 mmol)
in dry THF (20 cm3) was added dropwise at room temperature
to a stirred mixture of (S)-phenylalaninol14 (0.415 g, 2.75 mmol)
and MgSO4 (0.5 g, 4.86 mmol) in dry THF (10 cm3). The resulting
mixture was stirred for 4 h at room temperature, filtered through
Celite and the solvent was removed to obtain a yellow solid of the
title compound 6 (0.896 g, 96%). A sample of the hydroxyl imine
was recrystallised from EtOAc for analytical purposes. Mp 178–
180 ◦C (from EtOAc); (found: C, 84.7; H, 6.2; N, 4.01. C24H21NO
requires C, 84.9; H, 6.2; N, 4.1%); [a]25


D −70.0 (c 0.5 in CHCl3);
mmax/cm−1 1642 (C=N); dH(250 MHz; CDCl3; Me4Si) 2.14 (1H,
br s, OH), 3.05 (1H, dd, J 13.6 and 9.3, CHHPh), 3.18 (1H, dd, J
13.6 and 4.3, CHHPh), 3.46–3.97 (1H, m, CHN), 4.02 (2H, br s,


CH2OH), 7.28–7.47 (9H, m, ArCH), 7.89–8.00 (4H, m, ArCH),
8.43 (1H, s, ArCH), 9.03 (1H, s, N=CH); dC(62.5 MHz; CDCl3;
Me4Si) 38.8 (CH2), 66.4 (CH2O), 76.0 (CH), 124.9 (CH), 125.2
(CH), 126.4 (CH), 126.5 (CH), 128.6 (C), 128.7 (CH), 128.8 (CH),
129.1 (CH), 129.8 (CH), 131.2 (C), 138.7 (C), 162.2 (C); m/z (EI)
339.1620 (M+. C24H21NO requires 339.1623), 248 (100%), 191 (17),
178 (18), 91 (74), 77 (12).


(2S,4S)-2-(9-Anthracenyl)-3-methyl-4-benzyl oxazolidine 4


A solution of (S)-N-methylphenylalaninol 1015 (0.627 g, 3.8 mmol)
in dry THF (30 cm3) was added dropwise at room temperature
to a stirred mixture of anthracene-9-carboxaldehyde (0.782 g,
3.8 mmol) and MgSO4 (0.5 g, 4.86 mmol) in dry THF (20 cm3).
The resulting mixture was stirred for a further 6 h at rt, filtered
through Celite and the solvent was removed to give a yellow
solid of the target oxazolidine 4 (1.325 g, 99%). A sample was
recrystallised from toluene for analytical purposes. Mp 204–209 ◦C
(from toluene); (found: C, 84.9; H, 6.45; N, 3.85. C25H23NO
requires C, 84.95; H, 6.6; N, 4.0%); [a]26


D +18.0 (c 0.5 in CHCl3);
mmax/cm−1 1624 (C=C); dH(250 MHz; CDCl3; Me4Si) 2.23 (3H, s,
CH3), 2.98–3.26 (3H, m, PhCH2 and CHN), 4.15–4.26 (2H, m,
CH2O), 6.24 (1H, s, NCHO), 7.30–7.49 (9H, m, ArCH), 7.99–8.03
(2H, m, ArCH), 8.49 (1H, s, ArCH), 8.75–8.79 (2H, m, ArCH);
dC(62.5 MHz; CDCl3; Me4Si) 36.1 (CH3), 37.9 (CH2), 66.6 (CH),
70.9 (CH2), 94.7 (CH), 124.8 (CH), 124.9 (CH), 125.6 (CH), 126.7
(CH), 126.9 (C), 128.6 (CH), 129.1 (CH), 129.5 (CH), 129.8 (CH),
131.5 (C), 138.1 (C); m/z (EI) 354.1851 (M+. C25H23NO requires
354.1858), 353 (10%), 262 (100), 232 (25), 178 (35), 91 (30).


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 4206–4213 | 4211







Crystal structure determination of compound 4‡


Crystal data. C25H23NO, M = 353.44, monoclinic, a =
18.188(3), b = 7.0490(10), c = 17.257(2) Å, U = 1891.7(5) Å3,
T = 150(2) K, space group C2, Z = 4, l(Mo–Ka) = 0.075 mm−1,
10741 reflections measured, 2328 unique (Rint = 0.0406) which
were used in all calculations. The final wR(F 2) was 0.0943 (all
data).


(2S,4S)-2-(9-Anthracenyl)-3,4-dibenzyl oxazolidine 5


A solution of N-benzylphenylalaninol 1116 (0.76 g, 3.15 mmol) in
dry CH2Cl2 (10 cm3) was added dropwise at room temperature to a
stirred mixture of anthracene-9-carboxaldehyde (0.5 g, 2.43 mmol)
and Mg(OTf)2 (0.08 g, 0.248 mmol) in dry CH2Cl2 (10 cm3). The
resulting mixture was stirred for 48 h at room temperature, filtered
through Celite and the solvent was removed to give a yellow solid
as a mixture of diastereoisomers (85 : 15) which was recrystallised
from CH2Cl2–petroleum ether 40–60 ◦C to provide a single isomer
of the desired oxazolidine 5 (0.91 g, 85%). Mp 101–103 ◦C (from
CH2Cl2–petroleum ether 40–60 ◦C); (found: C, 86.8; H, 6.6; N,
3.2. C31H27NO requires C, 86.7; H, 6.3; N, 3.3%); [a]25


D −22.0 (c 1
in CHCl3); mmax/cm−1 1491 and 1452 (C=C); dH(250 MHz; CDCl3;
Me4Si) 2.79 (1H, dd, J 13.4 and 9.5, CHHPh), 2.89 (1H, dd, J
13.4 and 4.3, CHHPh), 3.36–3.50 (1H, m, CHN), 3.62 (1H, d,
J 13.7, CHHPh), 3.75 (1H, d, J 13.7, CHHPh), 4.15 (1H, app
t, J 7.7, CHHO), 4.22 (1H, app t, J 7.7, CHHO), 6.48 (1H, s,
NCHO), 6.86–6.99 (4H, m, ArCH), 7.12–7.76 (10H, m, ArCH),
7.97 (2H, d, J 7.9, ArCH), 8.42 (1H, s, ArCH), 8.91 (2H, d, J 8.2,
ArCH); dC(62.5 MHz; CDCl3; Me4Si) 40.2 (CH2), 55.1 (CH2),
65.6 (CH), 71.5 (CH2), 93.5 (CH), 124.7 (CH), 124.8 (CH), 125.1
(CH), 125.3 (CH), 125.5 (CH), 125.8 (CH), 126.4 (CH), 126.7
(CH), 127.6 (CH), 128.0 (CH), 128.6 (CH), 128.7 (CH), 129.0
(CH), 129.1 (CH), 129.3 (CH), 129.9 (CH), 131.5 (C), 131.6 (C),
138.2 (C), 138.7 (C); m/z (EI) 429.2091 (M+. C31H27NO requires
429.2093), 429 (9%), 338 (93), 269 (6), 252 (7), 206 (8), 178 (28),
157 (8), 91 (100).


Selected 1H NMR signals for the minor diastereoisomer.
dH(250 MHz; CDCl3; Me4Si) 3.14 (1H, dd, J 12.2 and 4, CHHPh),
3.92 (1H, dd, J 8.5 and 3.6, CHHO), 4.40 (1H, dd, J 8.5 and 6.4,
CHHO), 6.87 (1H, s, NCHO), 8.50 (1H, s, ArCH).


Crystal structure determination of compound 5‡


Crystal data. C31H27NO, M = 429.54, triclinic, a = 7.284(3),
b = 9.462(3), c = 18.426(6) Å, U = 1144.2(7) Å3, T = 293(2) K,
space group P1, Z = 2, l(Mo–Ka) = 0.074 mm−1, 12849 reflections
measured, 5114 unique (Rint = 0.0593) which were used in all
calculations. The final wR(F 2) was 0.1422 (all data).


(3aR,9aR)-3a,4,9,9a-Tetrahydro-4-[(2S,4S)-5-benzyl-3-methyl-2-
oxazolidinyl]-2-methyl-4,9[1′,2′]-benzeno-1H-benz[f ]isoindole-
1,3(2H)-dione 12


N-Methyl maleimide (0.083 g, 0.75 mmol) was added in one
portion as a solid at 90–95 ◦C to a stirred solution of oxazolidine 4
(0.177 g, 0.5 mmol) in toluene (3 cm3). The resulting mixture was


‡ CCDC reference numbers 614833 (4), 614834 (5), 614835 (12) and 614836
(17). For crystallographic data in CIF or other electronic format see DOI:
10.1039/b610055d


left stirring for a further 4 h at 90–95 ◦C, cooled to room temper-
ature and the solvent was removed under reduced pressure to give
the target compound as two diastereoisomers in a ratio of (85 :
15) (0.246 g, 89% conversion). A sample was recrystallised from
CH2Cl2–petroleum ether 40–60 ◦C (diffusion recrystallisation) to
afford a white solid of the major diastereoisomer 12. Mp 215–
217 ◦C (from CH2Cl2–petroleum ether 40–60 ◦C); [a]25


D +25.0 (c 1
in CHCl3); mmax/cm−1 1692 (C=O); dH(250 MHz; CDCl3; Me4Si)
2.41 (3H, s, CH3), 2.54 (3H, s, CH3), 2.93 (1H, dd, J 13.5 and 8.2,
CHHPh), 3.05 (1H, dd, J 8.4 and 3.3, CHHPh), 3.15–3.33 (2H,
m, PhCHC(O)CH and CHN), 3.72 (1H, d, J 8.4, C(O)CH), 3.92
(1H, app t, J 7.8, CHHO), 4.15 (1H, app t, J 7.8, CHHO), 4.69
(1H, d, J 3.3, PhCHCH), 5.84 (1H, s, NCHO), 7.03–7.39 (11H,
m, ArCH), 7.53–7.60 (1H, m, ArCH), 8.61 (1H, d, J 7.9, ArCH);
dC(62.5 MHz; CDCl3; Me4Si) 24.1 (CH3), 37.4 (CH2), 37.6 (CH3),
46.8 (CH), 48.0 (CH), 49.2 (CH), 49.8 (C), 66.4 (CH), 69.3 (CH2),
94.0 (CH), 123.4 (CH), 124.1 (CH), 125.1 (CH), 125.9 (CH),
126.1 (CH), 126.3 (CH), 126.6 (CH), 126.8 (CH), 128.1 (CH),
128.5 (CH), 128.7 (C), 129.4 (CH), 137.8 (C), 138.4 (C), 138.9
(C), 141.9 (C), 175.8 (C), 176.7 (C); m/z (ES) 465.2168 (MH+.
C30H29N2O3 requires 465.2178).


Selected 1H NMR signals for the minor diastereoisomer 13.
dH(250 MHz; CDCl3; Me4Si) 3.66 (1H, d, J 7.9, C(O)CH), 4.66
(1H, d, J 3.4, PhCHCH), 5.82 (s, 1H).


Crystal structure determination of compound 12‡


Crystal data. C31H30Cl2N2O3, M = 549.47, monoclinic, a =
7.6834(10), b = 10.5554(14), c = 16.299(2) Å, U = 1319.4(3) Å3,
T = 150(2) K, space group P21, Z = 2, l(Mo–Ka) = 0.283 mm−1,
11779 reflections measured, 3123 unique (Rint = 0.0224) which
were used in all calculations. The final wR(F 2) was 0.0766 (all
data).


(3aS,9aS)-3a,4,9,9a-Tetrahydro-4-[(2R,4S)-3,5-dibenzyl-
2-oxazolidinyl]-2-methyl-4,9[1′,2′]-benzeno-1H-benz[f ]isoindole-
1,3(2H)-dione 17


N-Methyl maleimide (0.129 g, 1.160 mmol) was added in one
portion as a solid at 90–95 ◦C to a stirred solution of oxazolidine
5 (0.5 g, 1.16 mmol) in toluene (10 cm3). The resulting mixture
was left stirring for 4 h at 90–95 ◦C, cooled to room temperature
and the solvent was removed under reduced pressure to give a
single diastereoisomer of the target cycloadduct (0.47 g, 75%).
A sample was recrystallised from CH2Cl2–petroleum ether 40–
60 ◦C (diffusion recrystallisation) to afford a white solid of the
title compound 17. Mp 204–207 ◦C from CH2Cl2–petroleum ether
40–60 ◦C); (found: C, 79.7; H, 5.9; N, 5.1. C36H32N2O3 requires C,
80.0; H, 6.0; N, 5.2%); [a]25


D +66.1 (c 1 in CHCl3); mmax/cm−1 1688
(C=O), 1454, 1428 and 1376 (C=C); dH(250 MHz; CDCl3; Me4Si)
2.50 (3H, s, CH3), 2.81 (1H, dd, J 13.4 and 10.0, CHHPh), 3.01
(1H, dd, J 13.4 and 5.1, CHHPh), 3.10 (1H, dd, J 8.3 and 3.1,
PhCHC(O)CH), 3.60 (1H, d, J 8.3, C(O)CH), 3.63–3.71 (3H, m,
CH2Ph and CHN), 3.83 (1H, dd, J 8.3 and 4.2, CHHO), 4.15
(1H, dd, J 8.3 and 6.4, CHHO), 4.77 (1H, d, J 3.1, PhCHCH),
6.55 (1H, s, NCHO), 7.00–7.04 (2H, m, ArCH), 7.06–7.46 (14H,
m, ArCH), 8.10 (1H, dd, J 7.0 and 1.8, ArCH), 8.17 (1H, dd, J 6.7
and 2.2, ArCH); dC(62.5 MHz; CDCl3; Me4Si) 24.3 (CH3), 38.4
(CH2), 46.6 (CH), 48.3 (CH), 49.8 (CH), 50.3 (CH2), 56.6 (CH2),
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64.5 (CH), 67.8 (CH2), 90.9 (CH), 123.5 (CH), 125.0 (CH), 125.1
(CH), 125.7 (CH), 126.2 (CH), 126.7 (CH), 127.0 (CH), 127.3
(CH), 128.0 (CH), 128.2 (CH), 128.4 (CH), 128.6 (CH), 129.2
(CH), 137.1 (C), 137.9 (C), 138.8 (C), 139.1 (C), 139.4 (C), 141.9
(C), 175.7 (C), 176.3 (C); m/z (ES) 541.2508 (MH+. C36H33N2O3


requires 541.2491).


Crystal structure determination of compound 17


Crystal data. C36H32N2O3, M = 540.64, monoclinic, a =
10.3383(14), b = 9.6773(13), c = 14.613(2) Å, U = 1390.0(3) Å3,
T = 150(2) K, space group P2(1), Z = 2, l(Mo–Ka) = 0.082 mm−1,
15882 reflections measured, 3373 unique (Rint = 0.0471) which
were used in all calculations. The final wR(F 2) was 0.0935 (all
data).


3a,4,9,9a-Tetrahydro-4-carboxaldehyde-2-methyl-4,9[1′,2′]-
benzeno-1H-benz[f ]isoindole-1,3(2H)-dione 14


N-Methyl maleimide (1.621 g, 14.60 mmol) was added in one
portion as a solid at 80–85 ◦C to a stirred solution of 9-
anthraldehyde (2 g, 9.7 mmol) in toluene (20 cm3). The resulting
mixture was left stirring for 24 h at 80–85 ◦C, cooled to room
temperature and the solvent was removed under reduced pressure
to give the target compound. The crude was purified by column
chromatography (20% EtOAc–petroleum ether 40–60 ◦C) to afford
a white solid of the title compound 14 2.356 g (77%); mp 243–
248 ◦C; (found: C, 75.9; H, 4.7; N, 4.3. C20H15NO3 requires C,
75.70; H, 4.8; N, 4.4%); mmax/cm−1 1772 (C=O), 1724 (C=O), 1691
(C=O), 1457 and 1432 (C=C); dH(250 MHz; CDCl3; Me4Si) 2.44
(3H, s, CH3), 3.26 (1H, dd, J 8.6 and 3.4, PhCHC(O)CH), 3.67
(1H, d, J 8.6, C(O)CH), 4.72 (1H, d, J 3.4, PhCHCH), 7.05–7.27
(6H, m, ArCH), 7.35–7.40 (1H, m, ArCH), 7.54–7.61 (1H, m,
ArCH), 10.81 (1H, s, CHO); dC(62.5 MHz; CDCl3; Me4Si) 24.4
(CH3), 45.9 (CH), 47.5 (CH), 48.0 (CH), 57.7 (C), 122.9 (CH),
123.4 (CH), 124.7 (CH), 125.4 (CH), 126.8 (CH), 127.2 (CH),
127.5 (CH), 136.4 (C), 138.2 (C), 139.1 (C), 141.2 (C), 175.7 (C),
176.2 (C), 200 (C); m/z (ES) 318.1125 (MH+. C20H16NO3 requires
318.1130).


(3aR,9aR)-3a,4,9,9a-Tetrahydro-4-carboxaldehyde-2-methyl-
4,9[1′,2′]-benzeno-1H-benz[f ]isoindole-1,3(2H)-dione 14


The title compound was obtained by stirring cycloadduct 12
(0.100 g, 0.216 mmol) in a solution of CH2Cl2–H2O (5 cm3; 9 :
1, v/v) for 18 h at rt in the presence of silica gel (approx. 50 mg).
The reaction was filtered, evaporated and purified by column
chromatography (20% EtOAc–petroleum ether 40–60 ◦C) to afford
a white solid of the title compound 14 (0.050 g, 73%). [a]25


D −48.0
(c 0.5 in CHCl3).
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The conformational properties and the stability of acylpyridinium intermediates formed in pyridine-
catalyzed acylation reactions have been studied at the SCS-MP2(FC)/6-311+G(d,p)//MP2(FC)/
6-31G(d) level of theory. It has been shown that stacking interactions can play a decisive role in the
stability as well as the conformational preferences of these transient intermediates.


Introduction


Donor-substituted pyridines have been developed as nucle-
ophilic catalysts for a variety of synthetically important trans-
formations such as the acylation of alcohols, amines, and
enolates.1,2 Using chiral pyridine derivatives based on DMAP
((4-dimethylamino)pyridine, 2) or PPY ((pyrrolidino)pyridine, 3)
major advances have recently been made in kinetic resolution
experiments, in particular in those involving secondary alcohols as
substrates.2 The design of these catalysts requires a delicate balance
between two partially opposing effects: (a) the use of steric effects
for the shielding of parts of the reaction center and thus the control
over the conformational space of the selectivity-determining
transition states; and (b) the rate enhancement of substrate
turnover as compared to the uncatalyzed background reaction. In
order to avoid an overly large reduction of the rate of the catalyzed
process through steric effects, some of the catalyst designs involve
the use of stacking interactions between the core pyridine ring and
some side chain functional groups. How these interactions can lead
to enhanced rates and to enhanced control of the conformational
space at the same time can be illustrated with the minimal two-step
sequence for the catalyzed group-transfer process in Scheme 1.


Scheme 1


Initial reaction of the catalyst A with the electrophilic reagent
RX (with R often being an acyl group) generates the cationic
intermediate B. Subsequent reaction of B with the nucleophilic
reagent Y− regenerates the catalyst A and produces the product
RY. Intermediate B is usually not detected directly under experi-
mental conditions, but most indirect evidence points to the fact
that the first of these steps is fast and reversible as compared to
the second, product-forming step. Stabilization of intermediate B


Department Chemie und Biochemie, LMU München, Butenandtstrasse 5-13,
D-81377, München, Germany. E-mail: zipse@cup.uni-muenchen.de
† Electronic supplementary information (ESI) available: Additional details
for calculations. See DOI: 10.1039/b610140b


through stacking interactions will under these conditions translate
into an overall enhanced rate of reaction. That the stacking
interactions are more favorable at the pyridinium cation stage
B than in the neutral catalyst is plausible in systems containing
electron-rich p-systems connected to the pyridine ring through a
flexible linker unit.


While this concept appears to be intuitively appealing, there
is limited direct experimental evidence supporting its existence
and its effectiveness in accelerating group transfer reactions
beyond what is known from simpler pyridine catalysts 1–5 already
(Scheme 2).3–6 Kawabata and coworkers have studied catalyst 6
and its acyl intermediate using 1H NMR in CDCl3 at 20 ◦C.7a


Based on an analysis of the chemical shift and NOE data, an
“open” conformation with little interaction between the pyridine
nucleus and the naphthalene p-system was predicted for 6 in its
neutral form and a “closed” conformation for the acylpyridinium
cation formed from 6 and isobutyryl chloride. The chemical
shift data also indicate that the pyridine ring is conformationally
flexible in neutral 6 (leading to identical resonances for the
C2/C6 and C3/C5 protons), but conformationally restricted in
the corresponding acyl intermediate (giving four different signals
for the four pyridine protons). No spectroscopic data appear
to exist for the acyl intermediates of 7 and 8. However, 8 has
been found to give slightly better selectivities than 7 in kinetic
resolution experiments of alcohols.11 Yamada and coworkers have
studied catalyst 9 and its alkyl- and acyl-pyridinium derivatives
by 1H NMR measurements.8 Through comparison to model
compounds lacking the thiocarbonyl moiety it was concluded that
acylation of 9 leads to a “conformationally locked” pyridinium
cation involving stacking interactions between the pyridinium
nucleus and the thiocarbonyl bond. Calculations performed on
the isobutyrylpyridinium-cation of 9 at the B3LYP/6-31G(d)
level of theory also show that these intermediates have clear
conformational preferences with respect to the orientation of the
tert-butyl side chain. Theoretical studies of the conformational
space of catalyst 10 at the PM3 level as well as the X-ray crystal
structure of protonated 10 show that the p-systems contained in
10 are connected in a rather rigid manner.9 This excludes the
conformational rearrangement described in Scheme 1. Accord-
ing to temperature-dependent 1H NMR studies of the acetyl
intermediate of 10 the acetyl C–O bond points away from the
substituent at C3. Finally, Connon’s PPY derivative 11 represents
a synthesis of the motives contained in 8 and 9 in that it replaces


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 4223–4230 | 4223







Scheme 2


the thiocarbonyl group of catalyst 9 with aryl substituents, whose
p–p stacking interactions with the pyridinium may be more
rationally planned.10 1H NMR measurements and calculations
performed at the B3LYP/6-31G(d) level of theory converge on a
preferred conformation of the acyl intermediate of 11 with a side-
on conformation of the side-chain phenyl groups and the pyridine
ring C(2)–H bond.


In order to probe the involvement of stacking interactions in
catalysts based on the pyridine nucleus in a systematic manner,
we are studying here a series of these catalysts using several
different theoretical methods. For the sake of reference we also
include in this study several achiral pyridine derivatives, whose
catalytic potential has been tested in the past, such as pyridine
(1), DMAP (2), PPY (3), tricyclic DMAP-derivative 4,3,5,6 and the
4-guanidylpyridine 5.4 The group of chiral pyridine derivatives
involves the PPY-derivative 6 by Kawabata and coworkers,7


two PPY-derivatives 7 and 8 by Campbell and coworkers,11 the
thiourea-substituted system 9 by Yamada and coworkers,8 and
the axially chiral DMAP-derivative 10 by Spivey and coworkers.9


Results and discussion


Selection of methods


It is known from theoretical studies of supramolecular complexes
of a variety of p-systems such as benzene, naphthalene and the
DNA bases that a correct description of dispersion interactions
is required already at the stage of geometry optimization.12,13


It is widely recognized that Hartree–Fock calculations describe
dispersion interactions rather poorly due to their neglect of
correlation effects. Good results are often obtained already at the
MP2 level. An overestimation of dispersion forces observed in
some cases at this latter level can be remedied either through more
highly correlated single reference approaches such as CCSD(T)13


or through rescaling the MP2 correlation energies according to the
SCS-MP2 procedure.12b,12c,12e,15 Unfortunately, gradient-corrected
density functional methods such as BLYP and hybrid functionals
such as Becke3LYP are not able to describe dispersion interactions
correctly in a systematic fashion due the essentially local design of
these functionals.12 How far a correlated treatment is also required
for the correct description of conformational properties of the cat-


alysts under study here is investigated using catalyst 6 as a test case.
A rigorous conformational search has first been performed for 6
and its acetyl intermediate, identifying 24 conformers for neutral 6
and 54 conformers for the corresponding acetyl intermediate 6Ac
at the B3LYP/6-31G(d) level of theory. The potential of this level
of theory was tested in earlier studies of the catalytic potential of
pyridine bases.3,5,6 Based on the Boltzmann-averaged enthalpies
calculated at the B3LYP/6-311+G(d,p)//B3LYP/6-31G(d) level
approximately 30 conformations make a significant contribution
(>1%) to the conformational ensemble at 298 K, the energetically
most favorable conformer of 6Ac contributing 9.5%. The existence
of stacked conformations in pyridinium cations can be determined
in structural terms using the distance between the center of the
pyridine ring and the center of the closest lying six membered
aromatic ring (as indicated in Fig. 1). This distance amounts to
5.20 Å in the most favorable conformer optimized at the B3LYP/6-
31G(d) level, which is NOT a p–p stacking structure and does not
agree with the spectroscopic studies mentioned above.7 More prob-
lematic is the fact that none of the other 52 conformational isomers
found at the B3LYP level shows any type of stacking interactions.
Repeating the conformational search at the RHF/3-21G level14


again yields a large number of conformational isomers for 6Ac (52
structures), this time including stacked conformations. Additional
consideration of MP2(FC)/6-31G(d) single point energies makes
one of the stacked conformations the energetically most favorable
one. In order to verify that this single point approach does not lead
to artefactual results, the six best conformations obtained at the
MP2(FC)/6-31G(d)//RHF/3-21G level have been reoptimized
at the MP2(FC)/6-31G(d) level. The results collected for these
conformers in Table 1 indicate that the relative ordering is identical
at both levels.


The stacked conformation 6Ac-1 is even more stabilized
when relative energies are calculated at the MP2(FC)/6-
311+G(d,p)//MP2(FC)/6-31G(d) level, predicting an energy gap
in excess of 10 kJ mol−1 between stacked and non-stacked
conformations. Application of the SCS-MP2 scaling protocol15


to the MP2(FC)/6-311+G(d,p)//MP2(FC)/6-31G(d) energies for
6Ac does indeed reduce the energy difference between stacked
and other conformations to 4.9 kJ mol−1, while the relative
conformational ordering remains approximately the same as
before (Table 1).
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Fig. 1 Structures of the energetically most favorable conformers of cata-
lyst 6 and its acetylated form 6Ac as optimized at the MP2(FC)/6-31G(d)
level of theory. Distances are given in Ångstroms.


Finally, we have also tested geometry optimizations at the
RHF/MIDI! level in combination with MP2/6-31G(d) single
point calculations as the basis of conformational searches. Despite
the fact that the MIDI! basis set16 yields better structural
data as compared to the smaller 3-21G basis set, there is
no significant improvement here as compared to MP2(FC)/6-
31G(d)//RHF/3-21G. We may thus conclude that the se-
quence of full conformational screening at the MP2(FC)/6-
31G(d)//RHF/3-21G level, reoptimization of the best conformers
at MP2(FC)/6-31G(d) level, and calculation of SCS-MP2(FC)/6-
311+G(d,p)//MP2(FC)/6-31G(d) single point energies for the
best conformers appears to represent the best protocol for the
determination of high level results. The following discussion of
structural properties of catalysts 6–10 and their acetyl intermedi-
ates is therefore based on the results obtained in this fashion.


Conformational properties of acylpyridinium-cations


The energetically most favorable conformer of catalyst 6 is shown
in Fig. 1 together with the two best conformers of the acetyl
intermediate 6Ac.
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In the more favorable of these latter structures 6Ac-1 the naph-
thalene ring is positioned quite ideally on top of the pyridinium
ring, while the second best conformer 6Ac-2 may best be described
as “side-on” in the sense that the C–H bonds of the pyridinium
ring point towards the naphthalene p-system. The different relative
orientation of the two p-systems is clearly reflected in the different
values of the stacking parameter (3.25 vs. 4.47 Å, Table 2), but
has little effect on other key structural variables such as the C–N
bond distance between acetyl group and pyridine ring (1.471 vs.
1.473 Å).


This latter bond distance has earlier been found to be a sensitive
structural probe for the stability of the acetyl intermediates of
differently substituted pyridines as exemplified in Table 2 with the
values for catalysts 1–5.6 For these latter systems a good correla-
tion is also found between the overall charge of the acetyl group
and the C–N bond distance, with shorter bonds correlating with
lower overall (positive) charges. However, the charge of the acetyl
group is largely constant for the six best conformers of 6Ac as are
the respective C–N bond distances (Table 2). This implies that the
energy differences between these conformers (up to 18 kJ mol−1)
do not result from differences in the stabilization of the overall
positive charge of the system. One further difference between
6Ac-1 and 6Ac-2 concerns the orientation of the acetyl group
oxygen atom, which points in the direction of the naphthalene
side chain in 6Ac-1 and in the opposite direction in 6Ac-2. The
former orientation had been predicted by Kawabata et al. based
on NOE measurements between the acetyl group hydrogen atoms
and the pyridine ring protons.7 Aside from the stacked and side-on
conformers described in Table 2 and Fig. 1 additional structures
of 6Ac exist in which the naphthalene ring is rotated away from
the pyridine ring with stacking parameters beyond 6 Å. These
structures contribute very little to the conformational ensemble
at 298 K (<1%) and are therefore not explicitly discussed here.
In conclusion it is only conformer 6Ac-1 which is in line with all
direct and indirect conclusions derived from the NMR data for
this system. The most favorable conformer found for the neutral
catalyst 6 can best be described as “T-shaped”. This structure alone
is insufficient to explain the rapid interconversion of the C2–C6
protons of the pyridine ring in 6, but not in 6Ac. However, one
major difference between these two systems is the much shorter
(1.337 vs. 1.408 Å) and thus stronger C–N bond connecting the
pyridine ring to the amino-substituent at C4. Rotation around this
bond (which has partial double bond character in 6Ac, but not in
6) is required for rapid equilibration of the hydrogen atoms on the
two sides of the pyridine ring and the barrier for rotation around
this bond is certainly higher in 6Ac than in 6.


The conformational properties of the acetyl intermediates of
catalysts 7–10 can easily be classified based on the structures shown
in Fig. 2 and the structural and charge data in Table 2.


A comparison of the related systems 7 and 8 shows that 8
contains a p-system capable of stacking interactions, while 7 does
not. A close contact between the pyridinium p-system and the
benzene ring contained in the amide side chain of 8Ac is indeed
visible in the energetically most favorable conformer of this system
displayed in Fig. 2. However, the distance between the ring mid-
points of 3.50 Å is significantly longer than the distance between
the acetyl group and the oxygen atom of the dihydrobenzofuran
side chain of 2.76 Å. This latter contact appears to originate from
electrostatic complementarity of the most electronegative center T
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Fig. 2 Structures of the energetically most favorable conformers of catalysts 7, 8, 9, and 10 and their respective acetylated forms as optimized at the
MP2(FC)/6-31G(d) level of theory. Distances are given in Ångstroms.


of the side chain and the partially positively charged acetyl group
in 8Ac. It is clear from this description that further variation of
the side chain heteroatoms may result in even stronger electrostatic
interactions, implying more stable acetyl intermediates and better
conformational control. The second best conformer of 8Ac-2
orients the side chain in a side-on fashion to the pyridinium ring
and is less stable than 8Ac-1 by 7.6 kJ mol−1. Catalyst 9 differs from
the previous systems in that close contacts between the pyridine
ring and parts of the side chain (here: the thiocarbonyl group) exist
at both the neutral and the cationic stage. The stacking distance
is even smaller for neutral 9 than for 9Ac. One major difference
between the neutral and cationic forms of 9 concern the orientation
of the tert-butyl group, which points towards the dimethylamino
group in acetyl-intermediate 9Ac, and in the opposite direction in
neutral catalyst 9. Non-stacking conformations are energetically
very unfavorable for both species. The isobutyryl intermediate
of catalyst 9 has been studied earlier by NOE experiments and
calculations at the B3LYP/6-31G(d) level.8 The orientation of
the tert-butyl side chain is directly comparable to what is found
here for the acetyl intermediate. However, while no significant
conformational preference exists for the acetyl group in 9Ac (syn
and anti conformer differ by less than 1 kJ mol−1 at all levels
studied here), a clear preference for an anti conformation (pointing
the carbonyl oxygen atom away from the substituent at C3) has
been found experimentally for the isobutyryl group. No stacking
interactions between the pyridine ring and the phenyl side chain


exist in the neutral or cationic forms of catalyst 10. Still the rigid
phenylnaphthyl side chain has clear conformational preferences
at both stages, orienting the phenyl substituent towards the acetyl
group in cation 10Ac and towards the diethylamino group in
neutral 10. The most favorable orientation of the acetyl group
in 10Ac-1 is in line with the assignment made for the situation in
solution based on 1H NMR spectroscopic results.9d


Reaction enthalpies for acetyl group transfer


The stability of acetyl intermediates of catalysts 1–10 has been
assessed using the reaction enthalpy at 298.15 K for the isodesmic
reaction (1) shown in Scheme 3.


Scheme 3


Previous results for catalysts 1–5 have been obtained at the
B3LYP/6-311+G(d,p)//B3LYP/6-31G(d) level of theory. Given
the problematic performance of this level in describing the con-
formational properties of the larger catalysts 6–10 we concentrate
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here on the results obtained from calculations at Hartree–Fock
and MP2 levels of theory (Table 3).


Perusal of the results for the non-stacking catalysts 1–5 shows
a clear trend to smaller reaction enthalpies on going from
the B3LYP/6-311+G(d,p)//B3LYP/6-31G(d) to the MP2(FC)/6-
31G(d)//RHF/3-21G level. This reduction is still visible when
MP2(FC)/6-31G(d) optimized geometries are used and thus
reflects the intrinsic properties of the MP2 method. Additional
consideration of SCS-MP2 single point energies calculated with
the large 6-311+G(d,p) basis set predicts practically the same
values. Comparison of the results obtained from the most
economical and the most expensive MP2 versions considered
here (MP2(FC)/6-31G(d)//RHF/3-21G vs. SCS-MP2(FC)/6-
311+G(d,p)//MP2(FC)/6-31G(d)) shows these to be strikingly
similar for most systems. The relative ordering of the stabilities of
catalysts 1–5 is practically identical at all levels selected here with
one exception: while catalyst 5 is predicted to give more stable
intermediates than catalyst 4 at the Hartree–Fock and B3LYP
levels, largely similar values are obtained at the MP2 levels for
both systems.


Turning to the results obtained for catalysts 6–10 we note that
the two “p-stacking” catalysts 6 and 8 give particularly stable
acetyl intermediates. The actual stability values for these two
systems depend much more on the computational level than
those for all other systems. Concentrating on the results obtained
at the SCS-MP2(FC)/6-311+G(d,p)//MP2(FC)/6-31G(d) level,
the most stable acetyl intermediate is formed by catalyst 6
(−120.9 kJ mol−1). The magnitude of the correlation contribu-
tion to this reaction energy of 30.0 kJ mol−1 (obtained as the
difference between SCS-MP2(FC)/6-311+G(d,p)//MP2(FC)/6-
31G(d) and RHF/6-311+G(d,p)//MP2(FC)/6-31G(d) energies)
is in clear support of strong dispersion interactions12b between the
naphthalene side chain and the pyridinium ring system in 6Ac.


The involvement of p-stacking interactions in acyl intermediates
of catalyst 8 can be assessed through comparison to catalyst 7,
whose acetyl intermediates differ in stability by 20.5 kJ mol−1.
To equate this difference to the magnitude of dispersion inter-
actions is, however, not correct considering the stability differ-
ence between 7 and 8 of 20.0 kJ mol−1 predicted at RHF/6-
311+G(d,p)//MP2(FC)/6-31G(d) level. The absence of a notable
correlation effect on the stabilization energies together with the
structural characteristics for the acetyl intermediate 8Ac-1 noted
above suggests that the higher stabilization energy of 8Ac as
compared to 7Ac is mainly due to electrostatic effects between
the acetyl group and the side chain. Stacking interactions appear
not to play a prominent role in catalysts 9 and 10. In catalyst 9
the balance between the inductive electron-withdrawing power of
the acyl substituent at C3 of the pyridine ring and the stacking
interactions between thiocarbonyl group and the pyridine ring in
its cationic form appear to result in net destabilization compared
to DMAP 2. That dispersion interactions are indeed not decisive
for the stabilization of 9Ac relative to 9 is also reflected in a
negative correlation contribution of −2.2 kJ mol−1 for this system.
In catalyst 10 this is certainly due to the rigid r-bond frame-
work preventing the large-scale conformational rearrangement
described in Scheme 1, but inductive substituent effects appear
to be sufficiently large to make the acetyl intermediate 10Ac quite
stable even in the absence of stacking interactions. With respect to
the general reaction scheme described in Scheme 1 we may expect T
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catalysts 6, 7, 8, and 10 to be more reactive than DMAP (2) at
ambient temperature or above since their acetyl intermediates are
more stable than that of DMAP.


Conclusions


The conformational preferences of catalysts 6–10 studied at the
SCS-MP2(FC)/6-311+G(d,p)//MP2(FC)/6-31G(d) level are in
line with the limited existing experimental data available for these
systems. Stacking conformations dominate the appearance of the
acetylpyridinium intermediates of catalysts 6, 8, and 9. Dispersion
interactions are mainly responsible for this situation in 6Ac,
while electrostatic effects dominate in 8Ac. The conformational
preferences of the acetyl intermediates of 9 and 10 are mainly
enforced by the rigidity of the r-framework, leading to a stacking
conformation in 9Ac and a non-stacking conformation in 10Ac.
Still, large conformational changes occur in both of these latter
systems on formation of the acetyl intermediate, supporting the
“conformational switch” picture derived from experimental 1H
NMR studies.


In methodological terms we have shown that studies of the
acetyl intermediates of catalysts 6–10 require correlated levels, the
MP2(FC)/6-31G(d)//RHF/3-21G level providing a reasonable
lower limit of effort. DFT methods such as the popular B3LYP
hybrid functional are not able to describe stacking interactions
induced through dispersion interactions properly.


Theoretical methods


The conformational space of all systems studied here has initially
been studied with the OPLS-AA force field as implemented
in BOSS 4.6.17 Potential parameters for the description of 4-
aminopyridines and their acetylpyridinium cations are currently
not part of the default OPLS-AA force field.18 The nitrogen atom
attached to C4 of the pyridine ring has therefore been defined as a
new nitrogen atom type. Appropriate force field parameters for the
neutral catalysts and the acetylpyridinium cations have then been
developed from a series of ab initio calculations at the B3LYP/6-
31G(d) and MP2/6-31G(d) level of theory (see supplemental
material for details†). Coulomb parameters have been derived
using the CM1 procedure with the AM1 wavefunction. The
conformational space of both types of species has then been
searched using the Monte Carlo conformational search facility
implemented in BOSS 4.6.


All conformers identified in this way have subsequently been
reoptimized at the RHF/3-21G(*) level of theory. For some of the
systems optimizations at the RHF/MIDI! and B3LYP/6-31G(d)
levels of theory have also been performed. Finally, geometry
optimizations have been performed at the MP2(FC)/6-31G(d)
level for the best conformers identified at the MP2(FC)/6-
31G(d)//RHF/3-21G level. For the best conformers identified
at fully optimized MP2(FC)/6-31G(d) level additional single
point calculations have been performed at the MP2(FC)/6-
311+G(d,p) level of theory. The correlation energies calculated
at this latter level have been rescaled following the SCS-MP2
procedure described by Grimme.15


In all cases default convergence criteria have been used.
Thermochemical corrections to enthalpies at 298.15 K (H298)
have been calculated at the same level as that used for geometry


optimization. The only exception concerns geometries optimized
at the MP2(FC)/6-31G(d) level. In this latter case thermochemical
corrections have been taken from the HF/3-21G(*) level. All
calculations have been performed with Gaussian 03.19
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In this paper, we successively apply the “fluorous biphase system” (FBS) technique to the reactions of
cyclopropyl aryl ketones with a-ketoacetic acids catalyzed by C8F17SO3H (30 mol%) using
perfluorodecalin (C10F18, cis- and trans-mixture) and DCE as a co-solvent to give the corresponding
products 5,6-dihydropyran-2-ones in good yields. Moreover, the reaction system can be performed for
several times without reloading the catalyst and the fluorous solvent.


Recently, we developed a cascade process involving the ring-
opening of monoactivated cyclopropanes 1 by H2O, followed by
transesterification reaction and an aldol type reaction mediated
by Lewis acid to provide an efficient synthetic protocol for
the preparation of 5,6-dihydropyran-2-ones in 1,2-dichloroethane
(DCE),1 which are an important class of compounds because they
are skeletal motifs in many natural products possessing important
biological activity.2 During this investigation, we found that when
an a-ketoacetic acid 2 was subjected to the reaction instead of
an a-ketoester, the corresponding 5,6-dihydropyran-2-one (3) can
be obtained in good yield in the presence of 20 mol% of TfOH
(Scheme 1).1


Scheme 1 TfOH-catalyzed reaction of monoactivated cyclopropanes 1
with a-ketoacetic acid 2.


Perfluorocarbon fluids, especially perfluoroalkanes, esters and
amines have some unique properties that make them attractive
alternatives for conventional organic solvents.3 They have limited
miscibility with conventional organic solvents. Compounds func-
tionalized with perfluorinated groups often dissolve preferentially
in fluorous solvents. This character can be used to extract
fluorous components from reaction mixtures.4 The “fluorous
biphase system” (FBS) technique was first reported by Horvath
and Rabai.4a It allows the catalysis to be performed in a two-
phase reaction mixture consisting of a perfluorinated solvent and
an organic solvent. Therefore, by introducing a perfluorinated
catalyst in a catalytic reaction system, the catalyst is solubilized
and simultaneously immobilized in the “fluorous phase”. By
elevating the temperature the biphasic system forms a homogenous
solution and the catalytic process can take place. Cooling down
the reaction mixture leads to the reformation of two separate
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phases. Therefore, the recovery of the perfluoro-tagged catalyst
can be achieved by simple phase separation along with the
product isolation.5 The isolation and recovery of perfluorinated
components can be accomplished not only by a phase separation
of immiscible liquid layers but also by solid–liquid extraction using
a perfluorinated non-polar stationary phase.4a


Based on this concept, we attempted the application of fluorous
phase separation technique to the syntheses of 5,6-dihydropyran-
2-ones from cyclopropyl aryl ketones and a-ketoacetic acids
using a perfluorinated acid as a catalyst. After several trials
and errors, we ultimately found that the commercially avail-
able heptadecafluorooctanesulfonic acid (C8F17SO3H, 30 mol%)
is fairly effective for the reaction. Next, we screened several
combinations of DCE with different fluorous solvents, such as
perfluorohexane (C6F14), perfluoro(n-butylcyclohexane) (C10F20),
perfluorotributylamine (N(C4F9)3) and perfluorodecalin (C10F18,
cis- and trans-mixture) in this FBS catalytic system with the
reaction of 1a with 2a. The results are summarized in Table 1.
During the reaction process, we observed at 60 ◦C (upon heating),
that the organic phase is miscible with fluorous phase to give
a homogeneous phase and the corresponding 5,6-dihydropyran-
2-one (3a) can be smoothly formed, although at 20 ◦C (room
temperature), it became a biphasic system (Fig. 1). However,


Table 1 Reactions of 1a with 2a in different fluorous solvents


Yield (%)a


Entry Solvent 3a


1 C6F14 10
2 68


3 N(C4F9)3 73
4 92


a lsolated yields.
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Fig. 1


the loss of fluorous solvent was very serious at 60 ◦C and 3a
was obtained in lower yield when using volatile perfluorohexane
(C6F14) (bp 58 ◦C) (Table 1, entry 1). The combination of DCE
and perfluoro(n-butylcyclohexane) (C10F20) gave moderate yield
of 3a under the same reaction conditions (Table 1, entry 2).
The co-solvent system of DCE and perfluorotributylamine (bp
178 ◦C) produced the corresponding product 3a in 73% yield
under identical conditions (Table 1, entry 3). However, the basicity
of N(C4F9)3 could bring about the lose of the perfluorinated acid
and subsequently make the catalytic system become ineffective in
the recycle of the fluorous solvent. Perfluorodecalin (C10F18, cis-
and trans-mixture) was the best fluorous solvent for this reaction
to give the corresponding 3a in the highest yield of 92% (Table 1,
entry 4). This fluorous phase is not volatile (bp 142 ◦C).


The perfluorodecalin fluorous phase containing C8F17SO3H
catalyst can be easily isolated by simple separation of the fluorous
phase. This catalytic phase can be reused for five times to give
similar results without reloading fluorous solvent and the catalyst
(Table 2, entries 1–5). However, in order to attain a good yield
of 3a in the fifth cycle of the reaction of cyclopropyl phenyl
ketone 1a with 2a, the reaction time must be prolonged to 3 d
in the bisphasic method, presumably due to the partial leaching
of C8F17SO3H during the reaction because the DCE phase can
dissolve C8F17SO3H and it is deeply colored during the recycle
(Table 2, entry 5 and Fig. 1). After removal of the solvent under


Table 2 Recycling of catalyst in the reaction of 1a with 2a using FBS


Yield (%)a


Run Reaction time/d 3a TON


1 1 92 3.1
2 1 90 3.0
3 1 85 2.8
4 1 78 2.6
5 3 84 2.8


a lsolated yields.


Table 3 Reaction of cyclopropyl aryl ketones 1a–f with various a-
ketoacetic acids using FBS


Yield (%)a


Entry R1 R2; reaction time/d 3


1 1a, C6H5 2a, C6H5; 1 3a, 92
2 1a, C6H5 2b, p-MeC6H4; 3 3b, 80
3 1a, C6H5 2c, p-MeOC6H4; 3 3c, 71
4 1a, C6H5 2d, p-ClC6H4; 1 3d, 92
5 1a, C6H5 2e, Me; 1 3e, 94
6 1b, p-FC6H4 2e, Me; 2 3f, 71
7 1c, p-MeC6H4 2e, Me; 2 3g, 93
8 1d, o,o-Me2C6H3 2e, Me; 2 3h 86
9 1e, p-MeOC6H4 2e, Me; 5 3i, 89


10 1f, thiophen-2-yl 2e, Me; 5 3j, 56


a lsolated yields.


reduced pressure, part of C8F17SO3H was isolated by column
chromatography (SiO2).


Using C8F17SO3H as a catalyst and the combination of per-
fluorodecalin (C10F18, cis- and trans-mixture) and DCE as a co-
solvent, the reactions of a series of cyclopropyl aryl ketones 1 and
various a-ketoacetic acids 2 were examined as well. As shown
in Table 3, starting from cyclopropyl phenyl ketone (1a) and
various a-ketoacetic acids 2, the corresponding 5,6-dihydropyran-
2-ones 3a–e were obtained in moderate to excellent yields (Table 3,
entries 1–5). In addition, from the reactions of 1a with various
aryl a-ketoacetic acids, electronic effects were clearly observed.
In general, aryl a-ketoacetic acids having no substituents or
an electron-withdrawing group on the aromatic ring were more
reactive to afford the corresponding products 3 in higher yields
(Table 3, entries 1 and 4). For aryl a-ketoacetic acids 2b and
2c, bearing an electron-donating substituent (methyl or methoxyl
group) on the aromatic ring, the corresponding products 3 were
obtained in lower yields even after a prolonged reaction time
(Table 3, entries 2 and 3). The electronic trend in the reaction
is consistent with the a-ketoacetic acid’s role, as an aldol acceptor,
in the reaction process. As for aliphatic a-ketoacetic acid 2e,
the reaction of ethyl pyruvate (2e) with 1a proceeded smoothly
to afford 3e in 94% yield (Table 3, entry 5). Furthermore, we
also examined the reactions of a variety of cyclopropyl aryl
ketones with ethyl pyruvate 2e under these optimized conditions
(Table 3, entries 5–10). A series of 4-substituted-3-methyl-5,6-
dihydropyran-2-ones were obtained in good to excellent yields.
Similar electronic effects were also observed as illustrated in
Table 3. For cyclopropyl aryl ketones bearing electron-rich aryl
group, such as cyclopropyl 4-methoxyphenyl ketone (1e) and
thiophene-derived substrate 1f, a prolonged reaction time (5 d)
was required and the corresponding products 3i and 3j were
obtained in 89 and 56% yields, respectively (Table 3, entries 9 and
10). The structures of all products were determined by 1H NMR
spectroscopic data, which are consistent with those reported in
our previous paper.1 NMR data can be found in the ESI.†
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In summary, we reported in this paper a new process to carry
out the reaction of cyclopropyl aryl ketones and a-ketoacetic acids
in fluorous phase. Using perfluorodecalin (C10F18, cis- and trans-
mixture) and DCE as a co-solvent, C8F17SO3H as a catalyst, the
reactions of cyclopropyl aryl ketones and a-ketoacetic acids can
be repeated several times without reloading fluorous solvent and
the catalyst with the similar yields of 5,6-dihydropyran-2-ones.
By this technology, the catalytic phase can be easily recovered
and can be reused for the next reaction without any treatment.
Since 30 mol% of perfluorinated acid was used a catalyst, which
is certainly beyond the usual definition of catalytic system, this
system might be described as a unique recyclable reagent. Further
investigations to develop other types of reactions in fluorous phase
with perfluorinated acids are now in progress.


Experimental


General remarks


1H NMR spectra were recorded on a Varian Mercury 300
spectrometer for solution in CDCl3 with tetramethylsilane (TMS)
as internal standard; J-values are in Hz. Commercially obtained
reagents were used without further purification. All reactions were
monitored by TLC with Huanghai GF254 silica gel coated plates.
Flash column chromatography was carried out using 300–400
mesh silica gel.


Typical reaction procedure for reaction of cyclopropyl aryl ketone
with a-ketoacetic acid catalyzed by C8F17SO3H in fluorous phase


To a solution of C8F17SO3H (45 mg, 0.09 mmol, 30 mol%) in
perfluorodecalin (C10F18, cis- and trans-mixture) (solvent, 1.0 mL)
was added cyclopropyl aryl ketone (1, 0.3 mmol), a-ketoacetic
acid (2, 0.3 mmol) and DCE (solvent, 1.0 mL). Then, the
mixture was stirred at 60 ◦C for the necessary time. The fluorous
layer was separated for the next reaction. The reaction mixture
(organic layer) was washed by water (5 mL) and extracted with
dichloromethane (2 × 15 mL). The combined organic layers
were dried over anhydrous Na2SO4. The solvent was removed
under reduced pressure and the residue was purified by column
chromatography on silica gel (EtOAc–hexane = 1 : 4) to give the
corresponding product 3.


4-Benzoyl-3-phenyl-5,6-dihydropyran-2-one (3a). This com-
pound was obtained as a white solid, yield: 77 mg, 92%. This
is a known compound.1 1H NMR (300 MHz, CDCl3, TMS): d
2.87 (t, J = 6.3 Hz, 2H, CH2), 4.63 (t, J = 6.3 Hz, 2H, OCH2),
7.10–7.13 (m, 3H, Ar), 7.20–7.23 (m, 2H, Ar), 7.26–7.31 (m, 2H,
Ar), 7.40–7.45 (m, 1H, Ar), 7.66–7.69 (m, 2H, Ar).


4-Benzoyl-3-p-tolyl-5,6-dihydropyran-2-one (3b). This com-
pound was obtained as a red oil, yield: 70 mg, 80%. This is a
known compound.1 1H NMR (300 MHz, CDCl3, TMS): d 2.17 (s,
3H, CH3), 2.87 (t, J = 6.3 Hz, 2H, CH2), 4.64 (t, J = 6.3 Hz, 2H,
OCH2), 6.93 (d, J = 8.1 Hz, 2H, Ar), 7.11 (d, J = 8.1 Hz, 2H, Ar),
7.31 (t, J = 7.5 Hz, 2H, Ar), 7.46 (t, J = 7.5 Hz, 1H, Ar), 7.70 (d,
J = 7.8 Hz, 2H, Ar).


4-Benzoyl-3-(4-methoxyphenyl)-5,6-dihydropyran-2-one (3c).
This compound was obtained as a pale red oil, yield: 66 mg, 71%.
This is a known compound.1 1H NMR (300 MHz, CDCl3, TMS):


d 2.88 (t, J = 6.0 Hz, 2H, CH2), 3.66 (s, 3H, OCH3), 4.64 (t, J =
6.0 Hz, 2H, OCH2), 6.65 (d, J = 8.1 Hz, 2H, Ar), 7.17 (d, J =
8.1 Hz, 2H, Ar), 7.30 (t, J = 7.5 Hz, 2H, Ar), 7.42 (t, J = 6.9 Hz,
1H, Ar), 7.69 (d, J = 7.4 Hz, 2H, Ar).


4-Benzoyl-3-(4-chlorophenyl)-5,6-dihydropyran-2-one (3d).
This compound was obtained as a white solid, yield: 86 mg, 92%.
This is a known compound.1 1H NMR (300 MHz, CDCl3, TMS):
d 2.88 (t, J = 6.0 Hz, 2H, CH2), 4.65 (t, J = 6.0 Hz, 2H, OCH2),
7.10 (dd, J = 9.0 Hz, J = 2.1 Hz, 2H, Ar), 7.17 (dd, J = 9.0 Hz,
J = 2.1 Hz, 2H, Ar), 7.33 (t, J = 7.2 Hz, 2H, Ar), 7.48 (t, J =
7.2 Hz, 1H, Ar), 7.67–7.70 (m, 2H, Ar).


4-Benzoyl-3-methyl-5,6-dihydropyran-2-one (3e). This com-
pound was obtained as a yellow oil, yield: 61 mg, 94%. This is
a known compound.1 1H NMR (300 MHz, CDCl3, TMS): d 1.81
(s, 3H, CH3), 2.70 (t, J = 6.6 Hz, 2H, CH2), 4.54 (t, J = 6.6 Hz, 2H,
OCH2), 7.53–7.58 (m, 2H, Ar), 7.67–7.70 (m, 1H, Ar), 7.89–7.93
(m, 2H, Ar).


4-(4-Fluorobenzoyl)-3-methyl-5,6-dihydropyran-2-one (3f).
This compound was obtained as a white solid, yield: 50 mg, 71%.
This is a known compound.1 1H NMR (300 MHz, CDCl3, TMS):
d 1.81 (t, J = 1.5 Hz, 3H, CH3), 2.70 (dt, J = 1.5 Hz, J = 6.0 Hz,
2H, CH2), 4.55 (t, J = 6.0 Hz, 2H, OCH2), 7.21–7.26 (m, 2H, Ar),
7.93–7.98 (m, 2H, Ar).


3-Methyl-4-(4-methylbenzoyl)-5,6-dihydropyran-2-one (3g).
This compound was obtained as a white solid, yield: 64 mg, 93%.
This is a known compound.1 1H NMR (300 MHz, CDCl3, TMS):
d 1.80 (s, 3H, CH3), 2.46 (s, 3H, CH3), 2.69 (dt, J = 1.2 Hz, J =
6.0 Hz, 2H, CH2), 4.53 (t, J = 6.0 Hz, 2H, OCH2), 7.34 (d, J =
7.8 Hz, 2H, Ar), 7.80 (t, J = 7.8 Hz, 2H, Ar).


4-(3,5-Dimethylbenzoyl)-3-methyl-5,6-dihydropyran-2-one (3h).
This compound was obtained as a white solid, yield: 63 mg, 86%.
This is a known compound.1 1H NMR (300 MHz, CDCl3, TMS):
d 1.80 (s, 3H, CH3), 2.40 (s, 6H, CH3), 2.69 (dt, J = 1.8 Hz, J =
6.0 Hz, 2H, CH2), 4.54 (t, J = 6.0 Hz, 2H, OCH2), 7.30 (s, 1H,
Ar), 7.49 (s, 2H, Ar).


4-(4-Methoxybenzoyl)-3-methyl-5,6-dihydropyran-2-one (3i).
This compound was obtained as a pale oil, yield: 66 mg, 89%.
This is a known compound.1 1H NMR (300 MHz, CDCl3, TMS):
d 1.80 (t, J = 1.8 Hz, 3H, CH3), 2.69 (dt, J = 1.8 Hz, J = 6.3 Hz,
2H, CH2), 3.92 (s, 3H, OCH3), 4.53 (t, J = 6.3 Hz, 2H, OCH2),
7.01 (dd, J = 7.2 Hz, J = 2.1 Hz, 2H, Ar), 7.88 (dd, J = 7.2 Hz, J
= 2.1 Hz, 2H, Ar).


3-Methyl-4-(thiophene-2-carbonyl)-5,6-dihydropyran-2-one (3j)1.
This compound was obtained as a white solid, yield: 37 mg, 56%.
This is a known compound.1 1H NMR (300 MHz, CDCl3, TMS):
d 1.89 (d, J = 1.8 Hz, 3H, CH3), 2.73 (dt, J = 1.8 Hz, J = 6.0 Hz,
2H, CH2), 4.53 (t, J = 6.0 Hz, 2H, OCH2), 7.22 (dd, J = 5.1 Hz,
J = 3.9 Hz, 1H, Ar), 7.67 (dd, J = 3.9 Hz, J = 1.2 Hz, 1H, Ar),
7.67 (dd, J = 5.1 Hz, J = 1.2 Hz, 1H, Ar).
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SELEX (for Systematic Evolution of Ligands by Exponential enrichment) has proven to be
extraordinarily powerful for the isolation of DNA or RNA aptamers that bind with high affinity and
specificity to a wide range of molecular targets. However, the modest chemical functionality of nucleic
acids poses some limits on the versatility of aptamers as binders and catalysts. To further improve the
properties of aptamers, additional chemical diversity must be introduced. The design of chemical
modifications is not a trivial task. Recently, dynamic combinatorial chemistry (DCC) has been
introduced as an alternative to traditional combinatorial chemistry. DCC employs equilibrium shifting
to effect molecular evolution of a dynamic combinatorial library of molecules. Herein, we describe an
original process that combines DCC and SELEX for the in vitro selection of modified aptamers which
are conjugated to chemically diverse small-molecules. Its successful application for the selection of
small-molecule conjugated RNA aptamers that bind tightly to the transactivation-response (TAR)
element of HIV-1 is presented.


Introduction


During the past decade, molecular evolution-based combinatorial
approaches have received considerable attention.1 They contrast
with conventional synthesis and screening methods by allowing
the simultaneous evaluation of a large number of molecules
and requiring only small quantities of material. However, such
approaches can only be applied to molecules that can be amplified,
i.e. copied and multiplied. Recently, dynamic combinatorial chem-
istry (DCC) has been introduced as an alternative to traditional
combinatorial chemistry (CC) combining synthesis and screening
into a single step.2 DCC is a convergence of concepts taken from
both CC and molecular evolution.3 It is based on a reversible
exchange process that make use of non-covalent interactions
between a mixture of compounds at equilibrium (a dynamic
combinatorial library, DCL) and a molecular target to template
the preferential covalent bond formation of the strongest target
binders. This method has been applied to a variety of combina-
torial systems, ranging from material science to drug discovery.4


DCC experiments have been performed by using various biological
targets,5 including nucleic acids.6 However, all published examples
so far have been limited to relatively small libraries. Large DCLs
include numerous products that bind weakly to the target and
compete with the hit(s), severely limiting the amplitude of the
equilibrium shift.7 This limitation of DCC may be overcome
by refining the selection using an iterative process of selection
and amplification.8 To date, only one such evolutionary system,
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making use of a photochemical isomerization reaction, has been
reported.9


In contrast, the use of replicable biopolymers, such as nucleic
acids, and the development of amplification techniques, such
as the polymerase chain reaction (PCR),10 allows molecular
biologists to screen libraries containing up to 1015 individual
molecules. Hence, SELEX (for Systematic Evolution of Ligands
by Exponential enrichment)11 has been developed as a method for
the in vitro selection of aptamers,12 i.e. structured DNA or RNA
oligonucleotides that display specific target-binding or catalytic
properties.1a Nevertheless, the modest chemical functionality of
DNA and RNA oligomers still poses some limits on the versatility
of aptamers, and their poor cellular uptake, as well as their
sensitivity to nucleases, restricts their use as therapeutic or diag-
nostic agents. To further enhance functionality and/or to improve
properties of interest for in vivo use, chemical modifications of
aptamers need to be introduced.13 So far, there are two strategies
for producing chemically modified aptamers. The first, known
as post-SELEX approach, consists in modifying a posteriori a
selected DNA or RNA aptamer via chemical synthesis.14 This
approach generally requires a detailed structural knowledge of the
complex formed between the aptamer and its target. Otherwise,
modified nucleotides and/or small-molecule appended groups are
randomly introduced both in and around the core functional
domain, trying to identify chemical modifications that provide
extra properties without affecting binding. The disadvantage of
this method is that elucidation of a successful combination remains
a significant screening challenge.14 The second approach rests
on the use of modified deoxy- or ribo-nucleoside triphosphates
(dNTPs or rNTPs) during the selection process. The range of
useful chemical modifications is rather restricted by the ability
of polymerases commonly used for SELEX to accurately and
efficiently incorporate modified NTPs. To date, only a few modified
NTPs have been used for SELEX experiments. They essentially
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Scheme 1 Schematic representation of the in vitro selection process.


consist in 2′-amino- and 2′-fluoro-pyrimidines, in phosphoroth-
ioate nucleotides, or in some pyrimidine nucleobases modified in
position C5 and some purine nucleobases substituted in position
N6 or C8.13


Herein, we describe an original process that combines DCC and
SELEX for the in vitro selection of modified aptamers which are
conjugated to chemically diverse small-molecules (Scheme 1). We
report its application to the selection of conjugated RNA aptamers
that bind tightly to the transactivation-responsive (TAR) element
of HIV-1.


Results


Design of the in vitro selection process


We have recently established that, due to its favourable pKa


value (6.2) and its higher nucleophilicity compared to those
present in nucleobases, the sugar primary amine of 2′-amino-
nucleotides can specifically react with a set of aldehydes at near
physiological conditions to produce a DCL of 2′-imino conjugated
oligonucleotides.6d,e Reversible imine formation has been reported
to be suitable for the formation of responsive DCLs.15 We
have demonstrated that the reversible exchange between 2′-imino
conjugated oligonucleotide ligands is shifted by the presence of
a nucleic acid target towards the preferential formation of the
strongest binders.6d,e Furthermore, the 2′-amino-nucleotides of
pyrimidines are among the few rNTP analogues that can be
efficiently incorporated by the T7 RNA polymerase.16


Taking advantage of these properties of 2′-amino-pyrimidines,
we have designed an original directed evolution process that
combines SELEX and DCC for the selection of small-molecule
conjugated aptamers. Our process rests on the use of a library


of random RNA sequences containing 2′-amino-pyrimidines
instead of their “natural” counterparts. In a first round of
selection, the random library of 2′-amino-RNAs is incubated
with a set of aldehydes and a target molecule (Scheme 1). At
the thermodynamic equilibrium, the mixture is composed of a
large number of conjugated 2′-imino-RNAs, some of them being
associated with the target molecule. Partitioning of ligand–target
complexes from unbound candidates is performed. Ligands are
then eluted from the target, causing concomitant hydrolysis of
imine linkages. After removal of aldehydes, selected 2′-amino-
RNA scaffolds are isolated, reverse-transcribed, and amplified
by PCR. Resulting double-stranded DNAs are then transcribed
into 2′-amino-RNAs and another round of selection can be
carried out. Repetition of this selection and amplification process
progressively leads to a population of 2′-amino-RNA scaffolds
that have evolved in the presence of the set of aldehydes and the
target to furnish high affinity conjugated 2′-imino-RNA ligands.
At the end of the selection process, remaining sequences are
identified by cloning and sequencing. Selected 2′-amino-RNA
scaffolds are then resynthesized and individually incubated with
the aldehydes, the target molecule and sodium cyanoborohydride
(NaBH3CN), which selectively reduces the imine bonds. Thus,
conjugated aptamers displaying the highest affinity for the target
are preferentially in situ synthesized and converted into chemically
stable analogues.6d,e,15


Validation of the in vitro selection process


In order to validate our in vitro selection process, we applied it
to the isolation of conjugated aptamers directed against an RNA
hairpin, MiniTAR (Fig. 1c), which is a 27-nucleotide truncated
form of the TAR element of HIV-1. This target was chosen because
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Fig. 1 (a) Design of the random library of 2′-amino-RNAs, (b) structures
of aldehydes: 4-[3-(dimethylamino)propoxyl]benzaldehyde hydrochloride
1, 3-hydroxy-4-methoxybenzaldehyde 2, nalidixic aldehyde 3, and (c)
sequence and secondary structure of the MiniTAR target employed for
the in vitro selection.


it is an important element of the replication cycle of the virus and,
moreover, it has been previously used for several in vitro selections
of DNA and RNA aptamers performed in our lab.17 The MiniTAR
sequence was 3′-biotinylated to allow separation of ligand–target


complexes from unbound candidates by using streptavidin-coated
magnetic beads. A random library of 2′-amino-RNAs and a set
of three aldehydes, 1 (1 mM), 2 (1.2 mM), and 3 (200 lM)
(Fig. 1b) were employed.‡ Oligomers contained a random region
of 14 nucleosides, A, C, G or 2′-amino-U (UNH2), flanked by two
constant primer binding regions, which did not contain any uridine
(Fig. 1a).


Two in vitro selections were performed in parallel, at room
temperature, in a 20 mM sodium phosphate buffer at pH 6.0
containing 20 mM NaCl, 140 mM KCl and 3 mM MgCl2


(subsequently referred to as buffer 1 × SE), by using the 2′-
amino RNA library and MiniTAR 3′-biotin, either in the presence
(selection S+) or in the absence (selection S−) of the aldehydes. All
other experimental conditions (library and target concentrations,
counter-selection step, incubation times, number and volume of
washings§, elution conditions) were strictly identical in selections
S+ and S−. For both selections S− and S+, seven rounds of selection
and amplification were carried out, with the selection pressure
being progressively increased: (i) by decreasing oligonucleotide
and target concentrations and (ii) by increasing the number of
washings (Table 1). Then, selected 2′-amino-RNA candidates were
cloned and sequenced.


For selection S−, carried out in absence of the aldehydes, A−15
and A−13 were the most represented sequences (12 out of 32)
(Fig. 2a). They are complementary to the 5′-end of the stem
of MiniTAR (Fig. 2a). Conversely, we found only twice such


‡ Concentrations of aldehydes were adjusted to compensate for their
differences in reactivity with 2′-amino-uridine and to provide comparable
proportions of conjugated products.
§For selection S+, washings were performed by using a solution containing
the three aldehydes, 1 (1 mM), 2 (1.2 mM) and 3 (200 lM), in buffer 1 ×
SE (see Experimental section).


Fig. 2 Most represented sequences obtained for (a) selection S−, carried out in absence of the aldehydes, and (b) selection S+, performed in the presence
of the aldehydes. Watson–Crick complementarity between the target MiniTAR and the selected sequences is indicated (nucleotides in italic bold). For
aptameric sequences, U indicates 2′-amino-uridine (UNH2) and the fixed regions are denoted in lower case. Stem forming sequences are underlined with
arrows.


Table 1 Selection pressure applied during in vitro selections S− and S+


Round of selection Library concentration/lM Target concentration/lM Number of washingsa


S1 5 0.30 1
S2 4 0.30 1
S3 2.5 0.30 2
S4 1 0.15 2
S5 1 0.15 2
S6 0.5 0.05 2
S7 0.1 0.01 2


a V = 100 lL.
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an antisense-like sequence, similar to A−15, from selection S+.
Selection S+ led to sequence A+30 as the most represented sequence
(7 out of 18 sequences) (Fig. 2b). A+30 exhibits a sequence
complementary to the top part of MiniTAR and can possibly form
a hairpin structure displaying the interacting region into the loop
(Fig. 2b). The dissimilarity between sequences originating from
selections S− and S+ indicates that the aldehydes have influenced
the outcome of selection S+. The 2′-amino-RNA population from
selection S+ might have evolved to furnish a particular 2′-amino-
RNA scaffold (A+30) with which the aldehydes react for producing
conjugated aptamers with high affinity for MiniTAR.


Then, a 19-nucleotide truncated form of A+30 (A+30sl, Fig. 3)
was employed. A+30sl consists of the 2′-amino-RNA hairpin
(Tm = 64.0 ± 0.5 ◦C, in buffer 1 × SE) that retains the affinity
of the originally selected sequence for the target MiniTAR (Kd
(A+30–MiniTAR) = 38 ± 5 nM; Kd (A+30sl–MiniTAR) = 23 ±
3 nM; determined by electrophoresis mobility gel shift assays
(EMSA), in buffer 1 × SE). It contains three UNH2 residues at
positions 6, 7 and 9 (Fig. 3); and thus three reactive 2′-amino
groups, which can potentially lead to the formation of 63 mono-,
bi- or tri-conjugated aptamers in the presence of the three
aldehydes. When A+30sl was incubated with the set of aldehydes
1, 2, and 3 in buffer 1 × SE and in presence of NaBH3CN, a
complex mixture of products was obtained after a 24 hour reaction
(Fig. 4a). However, this mixture contained one major product,
corresponding to peak p4 (Fig. 4a). When the same reaction was
carried out in the presence of MiniTAR, three products strongly
emerged (peaks p1, p2 and p3, Fig. 4b). Amplification of these
particular products occurs at the expense of the other products
of the reaction. In particular, the product corresponding to peak
p4, which is predominant in the absence of MiniTAR, is almost
suppressed (Fig. 4).


Fig. 3 Structures of 2′-amino-RNA scaffold (A+30sl), amplified products
(4, 5, and 6) and deselected product (7).


These products were collected and analysed by MALDI-
ToF mass spectrometry and time-dependent snake venom phos-
phodiesterase digestion followed by MALDI-ToF, as previously
reported.6e The amplified products, 4 (peak p1 in Fig. 4b), 5 (peak
p2 in Fig. 4b) and 6 (peak p3 in Fig. 4b), were identified as mono-
conjugated products between A+30sl and 1, 2, and 3, respectively


Fig. 4 UV-RP-HPLC traces showing component composition of the
mixtures after a 24 h-reaction between A+30sl (10 lM) and aldehydes
1 (1 mM), 2 (1.2 mM) and 3 (200 lM) in buffer 1 × SE containing 5 mM
NaBH3CN: (a) in the absence or (b) in the presence of MiniTAR 3′-biotin
(10 lM). Reaction mixtures were dialyzed prior RP-HPLC in order to
remove free aldehydes that could overlap with peak products.


(Fig. 3). They all derived from reductive amination reactions with
the 2′-amino group in position 9. The product corresponding to
peak p4 in Fig. 4 is the tri-nalidixic conjugate 7 (Fig. 3).


Affinities of these products for MiniTAR were then determined
by EMSA and UV-monitored melting experiments (Table 2). All
amplified products exhibit comparable high affinities for the target;
whereas the tri-nalidixic conjugate 7, which is “under-expressed”
in the presence of MiniTAR, binds very poorly to the target.


Table 2 Melting temperatures (Tm) and apparent dissociation constants
(Kd), determined in buffer 1 × SE, for complexes formed between isolated
conjugated aptamers and MiniTAR


Conjugated aptamer Tm /◦Ca Kd/nMa


4 37.0 ± 0.8 26 ± 3
5 39.2 ± 0.6 47 ± 12
6 38.1 ± 0.7 39 ± 6
7 16.9 ± 0.9 Not determined


a Values and standard deviations were obtained from at least three
experiments.
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Discussion


Nucleic acid structures termed aptamers can readily be selected
in vitro to tightly and specifically bind to diverse small and macro-
molecular targets.1a Nevertheless, due to the limited chemical
arsenal, the sensitivity to nucleases and the poor cellular uptake of
pure DNA- and RNA-based aptamers, their use as in vitro tools or
diagnostic and therapeutic agents remains limited. Enhancement
of the scope of applications of aptamers requires the introduction
of additional chemical functionalities to the natural nucleotides.13


A wide variety of nucleotide analogues is available for the
chemical synthesis of modified aptamers from selected DNA
and RNA sequences.13,14 In general, many compounds must be
individually synthesized and evaluated before identifying a hit, i.e.
a chemically modified aptamer with conserved or improved bind-
ing properties.14,18,19 Recently, there have also been considerable
efforts directed toward the enzymatic incorporation of DNA- and
RNA-monomers bearing chemical modifications.13,20 Nonetheless
the efficient incorporation of additional chemical diversity by
the polymerases commonly used for SELEX still remains a
limiting factor.20 Herein, we have proposed a novel methodology
that bypasses these limitations by displaying various reversibly
appended groups to a random library of oligonucleotides during
the in vitro selection.


Labelling of oligonucleotides with lipophilic, positively charged
and/or intercalating small-molecule appended groups have been
demonstrated to influence cellular uptake, nuclease resistance
and binding affinity.21 Small-molecule appended groups have
also been used for transducing aptamer–target interactions into
electrochemical, mechanical or fluorescent signals in vitro.19,22


Notably, Weeks and Merino have recently reported the generation
of target sensitive 2′-ribose-derivatized aptamers by incorporation
of a 2′-amino-nucleotide into previously selected DNA aptamers
and subsequent reaction of the 2′-amine with a carboxylic acid
fluorophore.19


We have carried out in parallel two in vitro selections by using a
single 2′-amino RNA library and a single target, MiniTAR, either
in the presence (selection S+) or in the absence (selection S−) of a
set of three aldehyde molecules (1, 2 and 3). The aldehydes could
reversibly react with 2′-amino groups, thus producing a DCL of 2′-
imino RNA conjugates containing virtually2b up to 714 candidates
at the start. For both selection S+ and S−, seven rounds of selection
and amplification have been performed, before the remaining
oligonucleotide populations were cloned and sequenced. Selection
S+ and S− led to two different populations of sequences. This
suggests that the reversibly appended small-molecule residues have
changed the outcome of the in vitro evolution, by guiding the
selection S+ towards particular 2′-amino-RNA scaffolds that are
suitable for both incorporating the modifications and binding to
the target. It is noteworthy that the outcome of previous in vitro
selections performed in our laboratory using pools of DNA and
RNA sequences and the TAR element of HIV-1 as the target did
not lead either to A+30 or A−15, the most represented sequences
from selection S+ and S−, respectively.17 Moreover, subsequent
chemical modifications of the selected RNA aptamer has been a
challenging task.18


A+30sl, a 19-nucleotide truncated form of A+30, was then
employed for the DCC resynthesis of the selected conjugated
aptamers. A+30sl consists of a 2′-amino-RNA hairpin that is likely


to form a loop–loop complex with MiniTAR. It contains three
UNH2 residues at positions 6, 7 and 9 that can potentially lead
to the formation of 63 conjugated aptamers in the presence of
three aldehydes. In the absence of MiniTAR, reaction of A+30sl
with aldehydes 1, 2 and 3, in the salt and pH conditions of the
in vitro selection, and in the presence of NaBH3CN, gave rise
to a complex mixture of products, the major species being a tri-
conjugated product (7). In contrast, the same reaction resulted in
the preferential formation of only three products (4, 5 and 6) in the
presence of MiniTAR. Each product originates from the reductive
amination reaction between an aldehyde and the 2′-amino group
at position 9 within A+30sl. It is worth mentioning that the UNH2 at
position 9 is contained in the region complementary to MiniTAR;
whereas the other UNH2, at positions 6 and 7, can be located in
a highly constrained region within the complex, at the junction
between the stem of the aptamer and the loop–loop duplex. This
might indicate that UNH2 at position 6 and 7 have been selected as
part of an optimized “linker”, whereas UNH2 at position 9 has been
selected to incorporate appended residues.


Affinities of isolated conjugates for the target, determined
by EMSA and UV-melting, correlate well with the equilibrium
shift observed during the DCC resynthesis. Indeed, amplified
conjugates (4, 5, and 6) all exhibit strong binding properties; while
the “under-expressed” product (7) binds very poorly to the target.


In summary, our in vitro selection has led to the identification
of a unique 2′-amino-RNA scaffold. This sequence has been
selected in the presence of reversibly reacting aldehydes and readily
provides chemically stable conjugated aptamers that bind tightly
to the target when incubated with the aldehydes and the target,
in the same conditions of the in vitro selection and in presence of
NaBH3CN.


Conclusion


In this proof-of-principle study we have shown that reversibly
attached small-molecules can be used during the SELEX process
to drive the selection towards a particular nucleic acid scaffold that
is appropriate for the subsequent DCC resynthesis of high affinity
conjugated aptamers. This original selection process represents a
promising approach to overcome some of the major drawbacks
associated with the existing methods for generating chemically
modified aptamers. We have applied this methodology by using
the imine reversible exchange between a pool of RNA oligomers
containing 2′-amino-uridine and a set of aldehydes. However,
we believe it could be applied by using other enzymatically
incorporable DNA- or RNA-monomers, such as amino-modified
nucleobases for example, and/or other reversible reactions, such
as disulfide formation for example. This process is thus of general
interest for expanding the applications of aptamers for diagnostics,
therapeutics and nanobiotechnologies. Particularly, the use of
reporter groups with particular fluorescence or electrochemical
properties should give rise to interesting original biosensors.


Experimental


Enzymatic reactions


Reverse-transcription. Recovered 2′-amino-RNA candidates
were denatured in 10 lL of water at 70 ◦C for 10 min, annealed at
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42 ◦C for 2 min to 2 lM of the reverse primer (5′-TCGGGC-
GTGTCTTCTG-3′) in enzyme buffer containing dNTPs, and
copied into complementary DNA with 240 U of SuperscriptTM


II RNase H− reverse transcriptase (Life Technologies) in a final
volume of 20 lL at 50 ◦C for 50 min and 70 ◦C for 5 min.


PCR. PCR reactions were carried out with 1 U of AmpliTaq
Gold R© DNA polymerase (Applied Biosystems) in 50 lL of
the Taq buffer containing in addition 200 lM of each dNTP,
7.5 mM of MgCl2, 1.5 lM of the forward primer (5′-TAATAC-
GACTCACTATAGGAGGACGAAGCGG-3′) and 1.5 lM of
the reverse primer (5′-TCGGGCGTGTCTTCTG-3′). Reaction
mixtures were subjected to repeated cycles: (1) 95 ◦C for 10 min, for
a pre-incubation step to activate the AmpliTaq Gold R© and provide
a hot start; (2) 95 ◦C for 30 s, 55 ◦C for 10 s, 72 ◦C for 1 min, for
12 cycles; (3) 72 ◦C for 5 min, for one final cycle. PCR products
were then phenol–chloroform extracted and ethanol precipitated.


Transcription. Transcription reactions were performed at
37 ◦C for 4 h in a final volume of 40 lL and using the T7-
MEGAshortscriptTM kit (Ambion) with 7.5 mM rATP, 7.5 mM
rGTP, 7.5 mM rCTP and 10 mM 2′-NH2-UTP (Ambion). Then
2 lL of RNase-free DNase I at 2 U lL−1 were added for 15 min
at 37 ◦C. Transcription pools were purified by electrophoresis on
a 20% denaturing polyacrylamide gel, visualized by UV-shadow
and extracted. Amounts of RNA were quantified by absorbance
at 260 nm.


in vitro selection protocols


Counter-selections. Before each round of selection, a negative
selection against the streptavidin-coated magnetic beads was
performed.


Selection S−. The 2′-amino-RNA library (or selected sequences
in the successive rounds of selection) was incubated for 30 min at
room temperature with 50 lg (10 lL of a 5 mg mL−1 solution)
of streptavidin-coated magnetic beads (pre-washed several times
with binding buffer) in 100 lL of binding buffer 1 × SE (20 mM
sodium phosphate buffer at pH 6.0 containing 20 mM NaCl,
140 mM KCl, and 3 mM MgCl2). The mixture was manually
stirred every 5 minutes to resuspend the beads. The supernatant
was then collected, and used for the selection step.


Selection S+. The 2′-amino-RNA library (or selected sequences
in the successive rounds of selection) was incubated for 5 min at
room temperature with aldehydes in 90 lL of buffer 1 × SE. Then
10 lL of a 5 mg mL−1 solution of streptavidin-coated magnetic
beads in buffer 1 × SE were added and the mixture was incubated
for 30 min at room temperature. The mixture was manually stirred
every 5 min to resuspend the beads. The supernatant was then
collected, and used for the selection step.


Selections.


Selection S−. 3′-Biotinylated MiniTAR was added to the su-
pernatant (100 lL) recovered after the counter-selection step.
The mixture was incubated at room temperature for 25 min, and
10 lL of a 5 mg mL−1 solution of streptavidin-coated magnetic
beads in buffer 1 × SE were added for 5 min. The supernatant
was then removed, and beads were washed with buffer 1 ×
SE. Oligonucleotides bound to the target were eluted two times in


60 lL of water at 75–80 ◦C for 1 min. Fractions were pooled, and
ethanol precipitated.


Selection S+. Supernatant (100 lL) recovered after the counter-
selection step was used in the same conditions as those described
for selection S−, except that beads were washed by using a solution
containing the three aldehydes, 1 (1 mM), 2 (1.2 mM) and 3
(200 lM) (Fig. 1), in buffer 1 × SE. Residual aldehydes were
removed by selective ethanol precipitation of oligonucleotides.


Cloning and sequencing


Recovered 2′-amino-RNA candidates after the last round of
selection were reverse-transcribed and amplified as described
above, and an extra 10 min at 72 ◦C at the end of the PCR
was added. PCR products were then directly cloned into the
vector of the TOPO TA cloning kit from Invitrogen. Escherichia
coli XL1 TOP10 One ShotTM (Invitrogen) cells were transformed
according to the manufacturer’s instructions. Individual clones
were sequenced with Dye ET terminator cycle sequencing kit from
Amersham Biosciences, according to the manufacturer’s protocol,
and analyzed by using an ABI-310 (Perkin Elmer) automatic
sequencer.


HPLC analyses


HPLC analyses were performed with detection at 260 nm on
a DIONEX system equipped with a GP50 gradient pump and
a PDA100 photodiode-array detector and using an Uptisphere
5ODB 5 lm C18-column (250 × 4.6 mm, Interchim France). Prior
to HPLC analyses, reaction mixtures were dialyzed (Slide-A-Lyzer
Mini Dialysis Units, 3500 MW cut-off, Pierce) in 3 L of water
for 16 h. Binary solvent gradient (A: 0.1 M triethylammonium
acetate pH 6.5; B: 80% acetonitrile in A) was used at a flow rate of
1 mL min−1: isocratic with 9% B for 10 min, linear gradients from
9 to 20% in B for 45 min, then 20 to 100% in B for 10 min.


UV-Monitored melting experiments


Thermal denaturation experiments were performed on a Cary 1E
spectrophotometer interfaced with a Peltier device that controlled
the temperature to within ±0.1 ◦C. Denaturation of the samples
was achieved by increasing the temperature by 0.5 ◦C min−1 from
5 to 85 ◦C and was monitored at 260 nm. Samples contained 1 lM
of aptamer and 1 lM of MiniTAR in buffer 1 × SE. Crude data
were analyzed with KALEIDAGRAPH 3.0 (Abelbeck Software).
The melting temperature was taken as the maximum of the first
derivative of the UV melting curves.


Electrophoretic mobility shift experiments


1 nM of 32P-labelled MiniTAR was incubated for 30 min with
increased concentrations of conjugated aptamer in 10 lL of
buffer 1 × SE. Mixtures were loaded on a 15% non-denaturing
polyacrylamide gel (acrylamide : bisacrylamide 75 : 1) in 50 mM
tris-acetate pH 6.0 and 3 mM MgCl2, and run at 4 ◦C for 9 h
at 7.5 V cm−1. Bands were quantified with an Instant Imager
(Hewlett-Packard). Kd values were deduced from data point fitting
with KALEIDAGRAPH 3.0 (Abelbeck Software), according to:
B = Bmax[ligand]0/([ligand]0 + Kd), where B is the proportion of
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complex, Bmax is the maximum of complex formed, and [ligand]0


is the total concentration of ligand.
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Recent progress in r-chelation directed C–H functionalization from the authors’ group is described to
illustrate the challenges and opportunities in the development of synthetically-useful catalytic reactions
involving C–H activation as the key step. Emphasis is placed on strategies for developing catalysis
under mild conditions and controlling regio- and stereoselectivity.


Introduction


Since the initial discovery of r-chelation directed C–H cleavage,1


often referred to as cyclometallation, continuous efforts have
been invested in making this stoichiometric process synthetically
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useful.2 Although r-chelation has been widely used as a control
element in asymmetric catalysis,3 attempts to achieve catalytic
turnover in directed C–H functionalizations have met with limited
success due to the thermodynamic stability of the cyclometallated
complexes and the limited choice of directing groups.4 Pioneering
work in achieving catalytic sp2 C–H activation/C–C bond forming
reactions by Murai5 and Fujiwara6 provided the early inspira-
tion for chemists to tackle this challenge (Scheme 1), although
Fujiwara’s catalytic system does not require the use of a directing
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Scheme 1 Early examples of catalytic C–H activation/C–C bond forming
reactions.


group. Recently, remarkable progress has been made in catalytic C–
H activation using other approaches,7 which will not be discussed
in this short essay.


A number of significant developments involving RuII/Ru0 or
RhIII/RhI catalysis were achieved subsequently (Scheme 2).8 Re-
markably, the combination of aryl C–H cleavage and subsequent
enantioselective hydrorhodation onto a double bond illustrates the
potential applications of C–H activation reactions in asymmetric
catalysis.8e


Scheme 2 A combination of directed C–H activation and enantioselective
hydrorodation.


In light of the tremendous potential of aryl- and alkyl-Pd
complexes in developing C–heteroatom and C–C bond forming
reactions,9 we initiated a research program to develop Pd-catalyzed
C–H activation reactions using chiral oxazolines as directing
groups for carboxylic acids.


Scheme 3 Early research plan for diastereoselective C–H functiona-
lization.


In the following discussion, we will first briefly introduce our
rationale for the design of several types of directing groups.
Special attention is paid to regio- and stereoselectivity in the C–H
cleavage step. The practicality of the directing groups from the
viewpoint of synthetic chemistry is also a major concern. Second,
the development of three different types of catalysis involving
Pd(II) is presented. A Cu(II) catalyzed C–H functionalization
process is also described. A major goal in this context is to
allow the use of mild conditions and cheap oxidants in C–H
activation reactions. We wish to point out that a number of
other groups have made significant progress in the development
of Pd-catalyzed C–H functionalization reactions using directing
groups,10,11 which have been reviewed recently by Sanford10a and
Daugulis.10b


Directing groups


General considerations


r-Chelation directed C–H cleavage process usually involves a
nitrogen atom containing functional group as the directing group.
An excellent review by Chantani describes recently-developed
directing groups for the activation of sp3 C–H bonds.12 In our
efforts toward the development of directing groups, we have
aimed to address a number of specific challenges in this field:
1. controlling the stereoselectivity in the C–H cleavage step; 2.
activating remote C–H bonds via seven- and eight-membered
cyclometallation processes that were not possible previously; and
3. enhancing the efficiency of directed C–H activation reactions
by either carrying out sequential C–H activation processes using
a single directing group or identifying a synthetically useful
protecting group as a directing group. C–H Activation directed
by these groups is successfully exploited to develop a wide range
of C–halogen, C–heteroatom and C–C bond forming reactions, as
described in the following section.


Stereoselectivity


Our first goal was to find a combination of a removable chiral
directing group and a metal centre that would form reactive
complexes and result in stereoselective C–H cleavage. It is well
established that r-chelation assisted C–H activation takes place
through a cyclic transition state. We, therefore, reasoned that
the use of a cyclic chiral directing group could be advantageous
in controlling the stereochemistry via a steric repulsion model
(Scheme 4).


Scheme 4 Control of stereoselectivity in C–H activation.


Since we are particularly interested in selective b- and c-
functionalization of carboxylic acids, the chiral oxazoline auxi-
liaries established by Meyers13 for asymmetric a-alkylation
appeared to be especially promising among a number of possible
cyclic chiral directing groups (Scheme 5). In addition, Murai has
reported oxazoline directed C–H activation of aryl C–H bonds
using a Ru0 catalyst.14


Scheme 5 Cyclic chiral directing groups for carboxylic acids.


However, our initial efforts to use chiral oxazoline 1, prepared
from the relatively cheap chiral aminoalcohol valinol, to direct
C–H activation proved unsuccessful (Scheme 6).


While the cause remains to be elucidated, we speculated on the
basis of crystallographic studies15 that the methine C–H bond is
positioned on top of the Pd centre and may have interfered with
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Scheme 6 Unreactive oxazoline.


C–H activation. This speculation led us to replace this methine
C–H bond with a methyl group as shown in oxazoline 2 prepared
from tert-lucinol. This minor alteration resulted in facile cleavage
of the sp3 C–H bonds at room temperature to give a trinuclear
Pd-alkyl complex 2a (Scheme 7).


Scheme 7 Room temperature sp3 C–H cleavage directed by oxazolines.


Complex 2a reacts with I2 instantly to give the iodinated product
2b. A detailed study of this stoichiometric iodination reaction led
us to discover catalytic conditions and will be described in the next
section. Good to excellent diastereoselectivity was obtained with
selected prochiral substrates (Table 1).16


It should be pointed out that the dimeric cyclopalladated
complex prepared using a literature procedure17 (reflux in HOAc)
exhibits poor reactivity with I2 (Scheme 8).


Scheme 8 Reactivity of dimeric cyclopalladated complex.


Table 1 Diastereoselective iodination of sp2 and sp3 C–H bonds


Entry Substrateb Product Yield (%) dr


1 83c 91 : 9


2 62d 93 : 7


3 65e 99 : 1


4 98f 99 : 1


a Reaction conditions: Pd(OAc)2 (10 mol%), I2 (1 equiv.), PhI(OAc)2


(1 equiv.), CH2Cl2. b Oxa = 4-(S)-tert-butyloxazoline-2-. c 24 ◦C, 30 h.
d 50 ◦C, 48 h. e 24 ◦C, 96 h. f 24 ◦C, 13 h.


Furthermore, the presence of the chiral centre on the oxazoline
has a dramatic influence on the structure of the trinuclear
complexes. The reaction of the chiral oxazoline 2 with Pd(OAc)2


gives the isomer 2a only in which the top and the bottom oxazolines
are in an anti-relationship. In contrast, non-chiral oxazoline 4
reacts with Pd(OAc)2 to give a mixture of anti- and syn-trinuclear
Pd-alkyl complexes 4a and 4b in 1 : 1 ratio (Scheme 9). Future
work will concentrate on the establishment of a stereomodel for
the diastereoselective iodination reaction.


Scheme 9 Formation of syn- and anti-trinuclear Pd–alkyl complexes from
a nonchiral oxazoline.


Regioselectivity: remote C–H activation


Directed C–H activation reactions are largely limited to five-
and six-membered cyclometallation processes.1 Although six-
membered cyclometallation in a stoichiometric manner has been
observed, the catalytic version has not been realized. DFT
calculations of Ru-catalyzed C–H activation of aryl C–H bonds
in 5 and 6 provided a possible explanation for the requirement
of a r-chelating heteroatom in conjugation with the aryl rings
(Scheme 10).18 The development of non-p-conjugated chelation
assisted catalytic C–H activation reactions remains a significant
challenge.19


Scheme 10 Remote C–H activation.


We are delighted to find that sterically bulky oxazoline in 7 was
able to direct the activation of remote C–H bonds via six-,16 seven-
and eight-membered cyclopalladation (Scheme 10).20 Encouraged
by this finding, we are currently developing new directing groups to
activate remote sp3 C–H bonds. These developments upon further
elaboration will greatly expand the scope and utility of directed
C–H activation reactions.


Practicality and efficiency of directing groups


From a practical viewpoint, the installation and removal of
the directing groups is an inherent drawback. It is, therefore,
imperative to give due consideration to the minimization of this
disadvantage in the process of development of directing groups. We
think that the following two criteria of a directing group are highly
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desirable: 1. ease of installation and removal; and 2. convenience
for further transformations. We have recently demonstrated that
one of the most commonly used protecting groups, Boc, can
direct the activation of sp3 C–H bonds adjacent to nitrogen atoms
(Scheme 11).21 Prior to this success, the activation of C–H bonds
adjacent to nitrogen atom was only achieved by using pyridine as
a directing group.22 The use of IOAc as a novel oxidant is the key
to the development of this reaction. Either PhI(OAc)2 or I2 alone
is not reactive under the same reaction conditions. The details of
the catalysis will be discussed in the next section.


Scheme 11 Use of protecting groups as directing groups.


The efficiency of directed C–H activation can also be enhanced
by carrying out sequential C–H activation reactions as illustrated
in Scheme 12. We have demonstrated that multi-step C–H activa-
tion assisted by one directing group allows novel transformations
which convert gem-dimethyl groups into cyclopropyl groups.23


Scheme 12 Sequential C–H functionalizations.


Catalysis


The importance of developing new approaches to close the
catalytic cycle of C–H activation reactions can not be overem-
phasized. A number of approaches have been employed in our
laboratory. The choice of a particular catalysis depends on the
specific reaction of interest. Successful examples selected from our
laboratory will be used to demonstrate the principle, advantages
and disadvantages of each type of catalysis.


PdII/PdIV Catalysis


Shilov PtII/PtIV catalysis has been a major subject of study owing
to its potential to afford catalytic turnover in C–H activation
reactions.24 Although remarkable progress has been made in
methane oxidation using this catalysis,7a few examples of PtII-
catalyzed directed C–H activation reactions appeared in the
literature.25 On the other hand, stoichiometric cyclopalladation
of C–H bonds by PdII salts are most widespread.1 If PdII/PdIV


catalysis operates in a similar fashion to PtII/PtIV cycle, PdII-
catalyzed C–H functionalizations with a broad substrate scope
can be realized (Scheme 13). The success of this approach will
open up a great opportunity to make C–heteroatom and C–C
bonds directly from unactivated C–H bonds.


Scheme 13 PdII/PdIV Catalysis for C–H functionalizations.


Fortunately, the feasibility of the key step, oxidation of PdII to
PdIV, was beautifully established by Canty via rigorous experimen-
tation. The first crystal structure of PdIV complex 9a was obtained
by oxidizing PdII complex 9 with MeI in 1986 (Scheme 14).26


Remarkably, Canty was also able to oxidize PdII complex 10
to PdIV complex 10a using a commonly used peroxide oxidant
(PhCO)2O2.27


Scheme 14 Oxidation of PdII to PdIV by dichalcogenides.


Prior to these remarkable mechanistic discoveries, Tremont
had used MeI as the oxidant to methylate aryl C–H bonds in
the presence of stoichometric amount of Pd(OAc)2, which is
important for further developments in this field.28a The use of
aryl halides as oxidants by Miura in Pd-catalyzed ortho-arylation
of phenols and amides is also a significant advance.28b,c In general,
dichalcogenide types of oxidants or analogues can effectively
oxidize PdII to PdIV, which lays the foundation for some of
the Pd-catalyzed C–H functionalizations that appeared recently.
New mechanistic evidence continues to accumulate in support
of PdII/PdIV catalysis,10,16 among which the isolation of a PdIV


complex 11a structurally similar to 10a provides an additional
physical evidence for PdII/PdIV catalysis (Scheme 15).29


Scheme 15 Oxidation of PdII to PdIV by iodobenzene dibenzoate.


As described in Scheme 7, we have established mild conditions
for cyclopalladation using sterically bulky oxazolines. Next, we
selected I2 as a dichalcogenide type of oxidant to functionalize
the Pd–alkyl complexes. I2 was previously shown to react with a
few cyclopalladated complexes to give the iodinated product in
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stoichiometric manner.2 We found that the reaction of oxazoline
2 with 1 equiv. of Pd(OAc)2 and 1 equiv. of I2 gave the iodinated
product 2a in 80% yield. The precipitate from the reaction mixture
was characterized to be PdI2 (isolated as a powder in quantitative
yield and characterized by powder X-ray diffraction). On the basis
of this observation and Canty’s redox chemistry, we proposed a
catalytic cycle in which the PdI2 needs to be converted to Pd(OAc)2


to achieve the turnover (Scheme 16).


Scheme 16 Pd-catalyzed iodination.


Extensive screening of oxidants and acetate donors identified
that IOAc can convert PdI2 to Pd(OAc)2 [eqn (1)]. According to
literature procedures,30 IOAc is generated by reacting I2 with either
AgOAc or PhI(OAc)2 [eqn (2) and (3)].


Pdl + 2lOAC → Pd(OAc)2 + 2l2 (1)


AgOAc + l2 → Agl + lOAc (2)


Phl(OAc) + l2 → Phl + 2 lOAc (3)


From the viewpoint of catalysis, a practical advantage of this
catalytic iodination is that PdI2 can be readily recycled and reused
five times by simply decanting the reaction solution. The next
challenge is to discover cheaper and environmentally friendly
reagents to convert PdI2 into Pd(OAc)2 since PhI(OAc)2 is not
only expensive, but also produces PhI that needs to be removed by
column chromatography.


Since benzoyl peroxide was shown to oxidize PdII to PdIV,27


we tested peroxide oxidants in order to oxygenate C–H bonds.
Among a wide range of peroxides screened, MeCOOOtBu, lauroyl
peroxide and benzoyl peroxide were found to be efficient to
oxygenate C–H bonds. Importantly, we discovered Ac2O is crucial
for this catalytic reaction.31 First, Ac2O promotes the oxidation
of PdII to PdIV. Second, Ac2O reacts with PdIV–OR species to
regenerate Pd(OAc)2 (Scheme 17).


Scheme 17 Catalytic cycle of C–H oxygenation using peroxide oxidants.


This mechanistic understanding has allowed us to prepare
various carboxylated products using the corresponding anhydrides
(Scheme 18).


Scheme 18 Pd-Catalyzed carboxylation using carboxylic anhydrides.


Subsequently, Ac2O in combination with peroxides or oxone
was also successfully exploited by Sanford’s group to oxygenate
C–H bonds.32 The next challenge is to oxidize PdII to PdIV using
O2 or air to achieve catalytic turnovers.


Pd0/PdII catalysis


The practical advantage of C–H activation reactions involving
PdII/Pd0 catalysis is the use of O2 or air as the oxidant in cat-
alytic C–H activation reactions.33 This approach proved remark-
ably successful in our C–H activation/C–C coupling reactions
(Scheme 19).


Scheme 19 Catalysis for a C–H activation/C–C coupling sequence.


Coupling of PdII–alkyl(aryl) species with organometallic
reagents has witnessed remarkable progress in recent years.34


Various protocols to promote the oxidation of Pd0 to PdII


under mild conditions have also been developed.35 However, the
execution of the sequential steps in a catalytic cycle represents
a formidable challenge for the following two reasons: 1. PdII-
catalyzed homocoupling of organometallic reagents36 is faster than
C–H activation, and 2. the palladacycle formed in the C–H activa-
tion step catalyzes homocoupling of the organometallic reagents37


if the subsequent transmetallation and reductive elimination are
not sufficiently fast. Our strategy is to identify promoters for each
step to overcome this thorny challenge.


The first Pd-catalyzed alkylation reaction of C–H bonds was
achieved using the following two techniques: 1. batch-wise ad-
dition of tin reagents to minimize the homo-coupling, and 2.
use of benzoquinone to accelerate the reductive elimination step
(Scheme 20).38


Scheme 20 Pd-Catalyzed coupling of C–H bonds with alkyltin reagents.


The batch-wise addition and the toxicity of the tin reagents
are major practical disadvantages in synthetic applications. We
have further established an one-pot procedure using boroxine
or boronic acids as environmentally-friendly coupling reagents
to achieve a practically useful C–C bond forming reaction
(Scheme 21).39 In these coupling reactions, the presence of air
or O2 was found to drastically increase the catalytic turnover.


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 4041–4047 | 4045







Scheme 21 Pd-Catalyzed coupling of C–H bonds with organoboron
reagents.


Strikingly, we have also identified a new C–H activation pathway
with methylboroxine that is distinct from the cyclopalladation
pathway (Scheme 22).39 Unlike in the pyridine-directed cyclopalla-
dation pathway, boron coordinates with pyridine and the oxygen
atom in the B–O bond directs palladium to activate the C–H
bonds.


Scheme 22 Boroxine assisted C–H activation.


PdII/Pd0 catalysis can also be employed to develop catalytic
C–H activation–dehydrogenation reactions (Scheme 23). We are
currently exploiting this reaction pathway to develop synthetically
valuable transformations.


Scheme 23 Catalyic C–H activation–dehydrogenation.


PdII/PdII catalysis


Inspired by the early observation of oxygen insertion into Pd–C
bonds,40 we envisioned that a catalytic oxygenation can also be
achieved via PdII/PdII catalysis (Scheme 24). TBHP was shown
to insert an oxygen into the Pd–C bond, however, the Ac2O
required to acetylate the Pd–alkoxy bond reacts with TBHP to
give MeCOOOtBu and derails the reaction pathway to PdII/PdIV


catalysis as described in Scheme 17.31 We are currently searching
for a new combination of oxidants and acetylating reagents that
will furnish PdII/PdII catalysis.


Scheme 24 PdII/PdII Catalysis for C–H functionalizations.


CuII/Cu0 Catalysis


While PdII salts are showing great potential for the development
of catalytic C–H activation reactions, the use of cheaper CuII


catalysts is a significant goal. A bio-inspired approach has led
us to discover a wide range of Cu-catalyzed functionalizations of
aryl C–H bonds using O2 as the terminal oxidant (Scheme 25).41


Notably, CuII-mediated direct coupling of indoles with carbonyl
compounds has been previously employed to gram-scale syntheses
of hapalindole Fischer indole alkaloid families by Baran’s group.42


Recently, Chatani also reported an efficient amination of aryl
C–H bonds by Cu-mediated reaction of 2-phenylpyridines with
anilines.43 We will carry out mechanistic investigations into this
catalytic pathway in order to further improve the efficiency of the
C–N and C–C bond forming reactions.


Scheme 25 CuII-Catalyzed diverse C–H functionalizations.


Conclusions


We have achieved stereoselective, regioselective and remote C–H
functionalization processes using oxazolines as directing groups.
C–H Activation directed by a weakly coordinating protecting
group (Boc) is also developed. These processes provide new
avenues for the formation of a wide range of C–heteroatom and
C–C bonds. The use of peroxide–Ac2O, IOAc or air as the oxidants
for catalytic C–H activation reactions provides practically useful
catalytic methods.


Each step forward in the development of directed C–H activa-
tion reactions, sometimes involving a seemingly minor alteration,
is always associated with a new finding. The understanding
obtained from these studies will guide researchers to ultimately
achieve the three most important goals: 1. mild-condition catalysis
using environmentally-friendly oxidants, 2. regioselective func-
tionalization of simple substrates such as carboxylic acids, ketones,
esters and alcohols, and 3. enantioselective activation of prochiral
C–H bonds. Once these challenges are addressed, catalytic C–
H activation reactions will set a vantage-ground in the realm of
synthetic chemistry for years to come.
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We describe alternative access to prostacyclin analogues by means of two x-side chain addition
strategies: Grignard reagent addition to an a,b-unsaturated Weinreb amide, followed by
diastereoselective reduction of the corresponding enone system, and implementation of Seebach’s
alkylation chemistry. These strategies have led to the syntheses of biologically active prostacyclin
analogues isocarbacyclin and 15R-16-(m-tolyl)-17,18,19,20-tetranorisocarbacyclin (15R-TIC), with
modest to excellent diastereoselectivity.


Introduction


Discovered in 1976, prostacyclin (PGI2),1 (1), has shown diverse
biological activity ranging from being a potent vasodilator and
inhibitor of blood platelet aggregation to playing an important
role not only in the peripheral organs but also in the central
nervous system (CNS).2 Unfortunately, due to its chemical and
metabolic instability, resulting from the extremely labile nature
of the vinyl ether moiety to hydrolysis (t1/2 = 5 min at pH 7.4),
clinical applications have been severly hampered. This instability
has stimulated efforts towards the design and development of
various analogues (Fig. 1) with the aim of chemical and metabolic
stability combined with physiological activity.


Fig. 1 Prostacyclin, isocarbacyclin and selected TIC derivatives.


Isocarbacyclin (2)3 is one such potent analogue, which
has shown promising application as a therapeutically use-
ful agent.4 15R-16-(m-Tolyl)-17,18,19,20-tetranorisocarbacyclin 3
(15R-TIC),5 a modified isocarbacyclin analogue has been used to
visualise the specific location of the IP2 receptor, a sub-type of
the prostacyclin (PGI2) receptor,2 for both in vitro and in vivo6


systems by autoradiography of rat brain slices and positron
emission tomography (PET),6,7 of a living rhesus monkey.8 This
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CNS specific PGI2 ligand and its 15-deoxy-TIC (5) counterpart,9


both have exhibited an inhibitory effect on apoptosis of neuronal
cells induced by a high oxygen (50%) atmosphere.10 The most
challenging aspects associated with the syntheses of isocarbacylcin
and its analogues is the construction of the C6–C9a endo-
cyclic double bond and the flexible introduction of the x-side
chain allowing for a wider range of analogues to be prepared.
Through such a diversity orientated synthetic strategy, an array
of isocarbacyclin analogues could be obtained, allowing their
biological activity to be investigated further.


Scheme 1 Diverse orientated isocarbacyclin analogue synthesis.


The focus of our research has been to develop a strategy
which would allow a large number of isocarbacyclin analogues
to be synthesized, from a common synthetic intermediate, with
only a minimum of synthetic steps. Typically, the x-side chain
for isocarbacyclin analogues is introduced via an (E)-selective
Horner–Wadsworth–Emmons olefination reaction (C13–C14),
where the yield varies from substrate to substrate,11 followed
by diastereoselective reduction of the C15 carbonyl functionality
under reagent control. To maximise diversity, it was envisaged that
via the addition of a suitable Grignard reagent to a,b-unsaturated
Weinreb amide building block 7 (available from methyl ester 6)9b
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and subsequent diastereoselective reduction of the resulting enone,
a direct and reliable access to the carbon skeletons of a number
of isocarbacyclin analogues could be achieved. Alternatively,
by invoking Seebach’s alkylation method,12 with a,b-unsaturated
aldehyde 8, we also believe that a high d.e. for the C15 hydroxyl
group for a variety of functionalised isocarbacyclin analogues
could be accessed (Scheme 1).13


Results and discussion


Known aldehyde 9,9b was subjected to a Horner–Wadsworth–
Emmons olefination reaction, with Weinreb amide phosphonate
10 which delivered a,b-unsaturated Weinreb amide 7 in excellent
yield. Weinreb amide 7, containing the common C1–C15 carbon
skeleton of isocarbacyclin analogues, should act as a suitable
building block for the preparation of isocarbacyclin (2) and its
15R-TIC (3) analogue (Scheme 2).


Scheme 2 Synthesis of Weinreb amide. Reagents and conditions: (i) NaH,
10, THF, 0 ◦C, 87%.


Slow addition of either n-pentyl magnesium bromide 11, or (3-
methylbenzyl)magnesium bromide 12 (3 equiv.), at −78 ◦C, to
Weinreb amide 7 delivered the corresponding enones 13 and 14
with yields of 94% and 90% respectively (Scheme 3).14


(R)-Me–CBS reduction of enone 13 was carried out according
to Snapper et al.15 which delivered the corresponding (S)-allylic
alcohol with a d.r. of 9 : 1 (Scheme 4, Table 1). Similarly,
enone 14 underwent reduction with (S)-Me–CBS to give the
unnatural (R)-configured C15 hydroxy group, albeit with a modest
diastereoselectivity (d.r. 6 : 1). Application of both the (R)- and
(S)-n-Bu–CBS reagents to enones 13 and 14 respectively, which
have been documented to give, in many cases, better selectivity


Scheme 3 Grignard reagent addition to Weinreb amide. Reagents and
conditions: (i) 3 equiv. 11, THF, −78 ◦C → 0 ◦C, 94%; (ii) 3 equiv. 12,
−78 ◦C → 0 ◦C, 90%.


failed to do so in our case, showing only a slight increase in d.r.
for both 13 and 14. Switching the method of reduction to Noyori’s
BINAL-H reducing agent,16 proved useful, although capricious,
without the aid of a stock solution of the reducing agent. Enone
13 when treated with (S)-BINAL-H, at −100 ◦C for 2 hours, gave
an impressive d.r. of over 35 : 1 (>94% d.e.). However, enone
14, when treated with (R)-BINAL-H, also at −100 ◦C, delivered
only a slightly improved d.r. of 8 : 1 compared to that obtained
with the CBS reagents (d.r. 7 : 1). It has been documented in the
literature that these enone systems and especially those leading
to the unnatural (R)-C15 configuration have led to a mismatched
case for the reduction.17 The allylic alcohols,18 resulting from enone
reductions, were both protected as the TBS ethers, to deliver 15
and 16 (Scheme 4).


Although this Grignard reagent addition and subsequent re-
duction strategy proved to be synthetically useful, the limiting
factor was the capricious diastereoselective reduction of the enone
moiety; resulting in the need for either column chromatography
or HPLC separation. Taking this under advisement, we thought
that we could instead form the C15–C16 bond and set the
C15 stereochemistry in one reaction by taking advantage of
Seebach’s alkylation method; the addition of a suitable dialkyl
zinc reagent to an a,b-unsaturated aldehyde catalysed by a Ti–
TADDOL complex. Reduction of Weinreb amide 7 with DIBAL-
H at −78 ◦C delivered the corresponding a,b-unsaturated aldehyde
8. Addition of dipentyl zinc 2019 to aldehyde 8, in the presence
of spirotitanate 17, proceeded in a diasteroselective manner to
give its corresponding allylic alcohol 21 with a d.r. of over 30 : 1


Table 1 Diastereoselective reduction of enones 13 and 14


Entry Substrate Reduction method d.r.a Product C15 configuration Yieldb (%)


1 13 (R)-Me–CBS 9 : 1 15 S 96
2 13 (R)-n-Bu–CBS 10 : 1 15 S 92
3 14 (S)-Me–CBS 6 : 1 16 R 95
4 14 (S)-n-Bu–CBS 7 : 1 16 R 86
5 13 (S)-BINAL-H >35 : 1 15 S 91
6 14 (R)-BINAL-H 8 : 1 16 R 90


a Assigned from 1H NMR analysis. b Isolated yields.
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Scheme 4 Diastereoselective reduction of enone systems. Reagents and
conditions: (i) Reduction (see Table 1); (ii) TBSCl, DMF, r.t. Yields for
TBS protection of 15 and 16, 96–100% and 96%, respectively.


(Scheme 5).20 Changing the catalyst to 18 or 19 (documented to
sometimes give better selectivities) did not have any effect in our
case. The resulting allylic alcohol was protected with TBS to give
previously described isocarbacyclin skeleton 15. A similar strategy
was planned for 15R-TIC using bis(3-methylbenzyl)zinc 22.19 Un-
fortunately, dibenzyl zinc 22 proved to be sluggish and unselective,
compared to its alkyl analogue, due to its p-conjugation, resulting
in 1,2-addition (where a d.r. of 5 : 1 was obtained, comparable to
the reduction of enone 14). The use of selected amino alcohols,21 as
a source of catalytic asymmetric induction, was also investigated,
where diastereoselectivities obtained for both the isocarbacy-
clin and 15R-TIC substrates were inferior to those previously
mentioned.22


Scheme 5 Diastereoselective Ti–TADDOL mediated addition. Reagents
and conditions: (i) DIBAL-H, THF, −78 ◦C, 2 h, quant.; (ii) 17/18/19,
Ti(OiPr)4, dipentyl zinc 20, toluene, −50 ◦C, 82–84%.


The syntheses of the protected C1–C20 carbon skeletons of
15 and 16, both represent the formal syntheses of isocarbacyclin
(2) and 15R-TIC (3).23 Treatment with DDQ, to give their
corresponding primary alcohols, followed by Swern and Pinnick
oxidations delivered the free carboxylic acids. Double TBS-ether
deprotection was induced with a 0.5 N HCl solution to give
isocarbacyclin (2) and 15R-TIC (3) (Scheme 6).


Scheme 6 Completion of isocarbacyclin and 15R-TIC syntheses.
Reagents and conditions: (i) DDQ, CH2Cl2–H2O (19 : 1); (ii) (COCl)2,
DMSO, NEt3, CH2Cl2, −78 ◦C; (iii) NaClO2, KH2PO4, 2,3-dimethyl-2-
butene, tBuOH, H2O; (iv) 0.5 N HCl, THF (over 4 steps for isocarbacyclin
(2) and 15R-TIC (3), 79% and 74%, respectively.


Conclusions


We have synthesised, both isocarbacyclin (2) and 15R-TIC (3)
via two x-side chain addition strategies taking advantage of
common synthetic intermediate 7; firstly, a Grignard reagent ad-
dition strategy and secondly, after reduction to its corresponding
aldehyde 8, implementation of Seebach’s highly diastereoselective
alkylation chemistry. These routes should allow for considerable
diversification of analogue synthesis; allowing the possibility to
explore and understand the usefulness of these CNS ligands.
Further research in our laboratories is currently ongoing, and
subsequent results will be published in due course.
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Ring closure reactions were investigated in a combined computational (density functional theory) and
experimental study, to uncover the origin of diastereoselection in 5-exo-trig cyclizations of methyl and
tert-butyl-substituted 4-penten-1-oxyl radicals. Selectivity data were calculated on the basis of
transition state theory, the Curtin–Hammett principle, and Maxwell–Boltzmann statistics, to provide
an excellent correlation between computed and experimental cis–trans ratios. The data show that the
2,3-trans-, 2,4-cis-, and 2,5-trans-diastereoselection exerted by CH3 and C(CH3)3 groups increases along
substituent positions 1 < 2 < 3, with the effect of tert-butyl substituents being more pronounced.
Theory states that the favored mode of cyclization proceeds via intermediates that are characterized by
an offset of atoms C2 and C3 into opposite directions from the plane of O1 (radical center)/C5 (olefinic
C)/C4 (allylic C). This arrangement allows alkyl substituents and the =CH2 entity to adopt positions
that are associated with the fewest and least severe synclinal and synperiplanar interactions. A transition
structure notation is proposed based on conformational characteristics of the heterocycle, the
intermediates structurally resemble the closest, i.e. tetrahydrofuran.
The new transition state model serves as an alternative to cyclohexane-based guidelines and adequately
addresses hitherto unsettled instances properly, such as the lack in diastereoselectivity observed in the
1-phenyl-4-penten-1-oxyl radical 5-exo-trig ring closure.


Introduction


Substituted 4-penten-1-oxyl radicals undergo efficient 5-exo-
trig cyclizations.1–3 The reaction poses a useful complement to
electrophile-induced alkenol ring closures because it is able to
provide regio- and diastereoselectivities not attainable in ionic
transformations.4–7 A general guideline states that intermediates
with an alkyl substituent attached at position 1 or 3 (e.g. 1a, 1e) cy-
clize trans-5-exo-trig selectively, whereas 2-substituted derivatives
(e.g. 1c) prefer the cis-5-exo-trig mode of ring closure (Scheme 1).3a


Multiple substitution may increase or decrease stereoselection,
depending on the relative configuration of stereocenters.4 The
selectivity in alkenoxyl radical cyclizations has so far been inter-
preted in extension to the Beckwith–Schiesser–Houk–Spellmeyer
model,8–10 which was introduced several years ago for predicting
preferred stereochemical pathways in carbon radical 5-exo-trig
ring closures. The model takes differences in steric effects into
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slautern, Erwin-Schrödinger-Straße, D-67663, Kaiserslautern, Germany. E-
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97074, Würzburg, Germany
† Electronic supplementary information (ESI) available: Experimental
procedure for the synthesis of alkenyl tosylate 5f, synthesis and spectral
data of tetrahydrofurans cis-3d, trans-3d, and trans-3f, atomic coordinates
of radicals 1–2 and intermediates 7–10, UHF/6-31+G* computed energies
and geometrical parameters of radicals 1–2 and intermediates 7–10,
A-value analysis of methyl and tert-butyl-substituted tetrahydropyrans
(B3LYP/6-31+G*), and atomic coordinates of the chair conformation of
cyclohexane and distinguished conformers of cyclopentane (B3LYP/6-
31G*) (PDF). See DOI: 10.1039/b611473c
‡ Dedicated to Prof. Dr Dr h. c. Waldemar Adam on the occasion of
his 69th birthday in recognition of his contributions to the chemistry of
reactive oxygen intermediates.


Scheme 1 Modes of 5-exo-trig cyclization of 1-, 2-, and 3-substituted
4-penten-1-oxyl radicals 1 and indexing of O-radicals 1, tetrahydro-
furyl-2-methyl radicals cis/trans-2, and tetrahydrofurans cis/trans-3. a R1


and R3 = H; b either R1 and R2 or R2 and R3 = H.


account that originate from axially and equatorially oriented
substituents attached to folded conformers of open chain radicals,
which resemble either the chair or the boat arrangement of cyclo-
hexane. A quantitative analysis in this type of cyclization is feasible
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using approximations implemented into two different force field
approaches.8,9 In view of the significance of this model, the origin
of diastereoselectivity in 5-exo-trig carbon radical cyclizations was
addressed in the following years using the MNDO wavefunction,
however, without providing additional decisive results.11 In a series
of upcoming contributions, alternative semiempirical wavefunc-
tions were assessed. The selected methods (AM1, PM3), however,
were found not to be adequate to correlate computed and experi-
mental selectivity data.12 In view of this background, the pursuit
of selectivity in radical chemistry was continued on different levels
of ab initio theory [UHF and density functional (DF)]. Thus,
stereochemical aspects associated with the Ueno–Stork reaction
were explained, and the debate on the stereoselectivity of the 1-
tert-butyl-5-hexen-1-yl radical ring closure was settled using such
methods.13 Application of ab initio theory also contributed to
answer longstanding questions on the origin of regioselectivity
in cyclizations of the nucleophilic 5-hexen-1-yl radical, the N-
methyl-4-penten-1-aminyl radical and in particular electrophilic
4-substituted 4-penten-1-oxyl radicals.12,14–16 In one of these studies
it was documented that DF theory (B3LYP/6-31+G*) is able to
reproduce experimentally observed regioselectivities in 4-penten-
1-oxyl radical cyclizations with a remarkable precision. It further
became evident that computed 5-exo-trig transition structures
resemble distorted tetrahydrofuran conformers more closely than
chair or boat conformers of tetrahydropyran.14 In view of this
background and the growing significance of alkenoxyl radical
cyclizations in stereoselective synthesis,5 the origin of diastereose-
lectivity in cyclizations of 1-, 2-, and 3-alkyl-substituted 4-penten-
1-oxl radicals was explored in the present contribution. Since
methyl and tert-butyl groups serve in conformational analysis as
an archetype for sterically small (CH3) and demanding groups
[C(CH3)3], likewise substituted alkenoxyl radicals were selected
with the aim (i) to qualitatively and quantitatively reproduce
experimentally measured diastereoselectivities in 4-penten-1-oxyl
radical 5-exo-trig ring closures, and (ii) to uncover common
structural motifs of relevant transition structures on the basis
of a tetrahydrofuran-derived conformational analysis, in order
to predict selectivities in upcoming stereoselective syntheses using
this type of ring closure reaction.


Results


1 Preparation and photochemical conversion of alkoxyl radical
precursors§


On the basis of previous studies, N-(alkoxy)-4-(p-chlorophenyl)-
thiazolethiones 6 were selected as alkoxyl radical precursors.3 The
compounds necessary to supplement the existing set of selectivities
were prepared as follows. N-[2-(tert-butyl)-4-penten-1-oxy]-4-(p-
chlorophenyl)thiazole-2(3H)thione (6d) was obtained in 80% yield
by treatment of N-(hydroxy)-4-(p-chlorophenyl)thiazole-2(3H)-
thione tetrabutylammonium salt (4)17,18 with 2-(tert-butyl)-4-
penten-1-yl p-toluenesulfonate (5d)19 in anhydrous DMF (Table 1).
In a similar way, N-[3-(tert-butyl)-4-penten-1-oxy]-4-(p-
chlorophenyl)thiazole-2(3H)thione (6f) was isolated in 74% yield


§ The following abbreviations have been used: CP = p-chlorophenyl,
T = twist conformer, ZPVE = zero-point vibrational energy. Chiral N-
(alkoxy)thiazolethiones 6d and 6f were prepared as racemates and used as
such thus leading to racemic products.


Table 1 Preparation of N-[(tert-butyl)pentenoxy]-4-(p-chlorophenyl)-
thiazole-2(3H)-thiones 6 (CP = p-ClC6H4)


Entry 5, 6 R2 R3 Yield of 6 [%]


1 d C(CH3)3 H 80
2 f H C(CH3)3 74


from the reaction between ammonium salt 4 and 3-(tert-butyl)-
4-penten-1-yl p-toluenesulfonate (5f) (Table 1 and ESI†). All
thiazolethiones 6 were obtained as colorless and crystalline
air-stable materials, which were stored in standard glassware in a
refrigerator.


Photolysis (350 nm) of a solution of N-[2-(tert-butyl)-4-penten-
1-oxy]-4-(p-chlorophenyl)thiazolethione 6d and Bu3SnH (co =
0.18 M, 2.2 equiv.) in C6H5CF3 (20 ◦C, Scheme 2) provided
96% of 4-(tert-butyl)-2-methyltetrahydrofuran (3d) as a mixture
of cis–trans-isomers (GC, cis–trans = 90 : 10; for stereochemical
analysis see the Discussion) and ≤2% of 2-tert-butyl-4-penten-1-ol
(GC).20 A control experiment that was performed by photolyzing
(350 nm) a solution of N-(2-tert-butyl-4-pentenoxy)thiazolethione
6d and Bu3SnH in C6D6 (20 ◦C) furnished similar yields of
tetrahydrofuran 3d (cis–trans = 90 : 10) and 2-tert-butyl-4-penten-
1-ol (1H NMR, anisole as internal standard). Work up of this
reaction mixture afforded 73% of tetrahydrofuran 3d as a colorless
volatile liquid.


Scheme 2 Synthesis of 4-(tert-butyl)-2-methyltetrahydrofuran 3d and
3-(tert-butyl)-2-methyltetrahydrofuran 3f from N-[(tert-butyl)pentenoxy)-
thiazolethiones 6d and 6f. a cis-3f was not detected (1H NMR).


Photolysis (350 nm, 20 ◦C) of a solution of N-[3-(tert-butyl)-
4-penten-1-oxy]-4-(p-chlorophenyl)thiazole-2(3H)thione (6f) and
Bu3SnH (co = 0.18 M, 2.2 equiv.) in either C6H5CF3 (GC-analysis)
or C6D6 (1H NMR-analysis) afforded 88% of 3-(tert-butyl)-4-
methyltetrahydrofuran (3f) and ≤2% of 3-(tert-butyl)-4-penten-
1-ol.21 Purification of the latter reaction mixture furnished 73%
of tetrahydrofuran trans-3f (cis : trans < 2 : 98, 1H NMR) as a
colorless volatile liquid.
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2 Theoretical considerations and computational studies


According to an assessment of methods that are adequate to
reliably reproduce relative heats of formation in carbon- and
oxygen-radical additions to olefins performed by others,14,16,22,23


and the excellent correlation between experimentally observed and
computed regioselectivities in 4-penten-1-oxyl radical cyclizations
in a previous study,14 we restricted ourselves to the use of
Becke’s three parameter hybrid functional (B3LYP)24,25 and the
6-31+G* valence basis set for the present investigation.26,27 The
latter includes diffuse and polarization wave functions, which
are necessary to adequately reproduce selectivities in this type
of reaction (for UHF-calculated data, refer to the ESI†).22


Selectivity data in 4-penten-1-oxyl radical cyclizations were
calculated on the basis of transition state theory, the Curtin–
Hammett principle, and Maxwell–Boltzmann statistics.28,29 Transi-
tion state theory is applicable, since O-radical cyclizations proceed
irreversibly under the conditions applied to measure the data
referred to in the present work.30 The Curtin–Hammett principle
states that free-energy differences between reactive conformational
isomers must be one order of magnitude smaller than the activa-
tion free-energy of a succeeding reaction, i.e. the intramolecular
O-radical addition in the present case. According to this guideline,
reactive conformers can be assumed to equilibrate with a suffi-
ciently high rate constant, in order to maintain the equilibrium
throughout the reaction, in spite of a continuous loss of reactants.
The ratio of products formed from this ensemble then is given by
Maxwell–Boltzmann statistics on the basis of Gibbs free-energy
differences of associated transition states. In order to keep compu-
tational time at a reasonable level without losing essential informa-
tion, the set of transition states was approximated by the two lowest
in energy and therefore most significantly populated transition
structures for the cis- and for the trans-5-exo-trig mode of ring
closure of radicals 1a–f (Schemes 3, 4, 5). Torsional movements
about secondary C(sp3),C(sp3)-bonds are considered to proceed by
a factor of 10 faster than cyclizations 1 → cis/trans-2 (k ∼ 108 s−1


for 303 K).31 Conformational interchanges occurring by rotation


Scheme 3 Relevant transition structures for cis- and trans-5-exo-trig
cyclizations of 1-alkyl-substituted 4-penten-1-oxyl radicals 1a–1b [R1 =
CH3, C(CH3)3].


Scheme 4 Relevant transition structures for cis- and trans-5-exo-trig
cyclizations of 2-alkyl-substituted 4-penten-1-oxyl radicals 1c–1d [R2 =
CH3, C(CH3)3].


Scheme 5 Relevant transition structures for cis- and trans-5-exo-trig
cyclizations of 3-alkyl-substituted 4-penten-1-oxyl radicals 1e–1f [R3 =
CH3, C(CH3)3].


across tertiary C(sp3),C(sp3)-bonds, however, may not be too far
off from rate constants of intramolecular O-radical additions. An
assessment of this aspect is outlined in section 4 of the Discussion.


Input coordinates for calculating equilibrium geometries of
substituted 4-penten-1-oxyl radicals 1a–f were obtained in two
steps. Global minima from a usage directed conformational search
using the MM+ force field32,33 were taken as starting points for
performing subsequent DF calculations.26 The absence of imag-
inary harmonic frequencies pointed to minimum structures for
alkenoxyl radicals 1 and also for tetrahydrofuryl-2-methyl radicals
cis/trans-2 on the corresponding potential surfaces. The computed
heats of formation (E + ZPVE), zero-point vibrational energies
(ZPVE), expectation values of associated spin operators (〈S2〉),
and relative heats of formation (DDH f) of radicals 1 and cis/trans-
2 are listed in Table 2. An illustration of calculated equilibrium
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Table 2 Computed heats of formation (E + ZPVE), zero-point vibrational energies (ZPVE), 〈S2〉-values, and relative heats of formation (DDH f) of
radicals 1 and cis–trans-2a


Parameter 1 cis-2 trans-2


1a → cis-2a + trans-2a E + ZPVEb −310.251825 −310.270327 −310.270666
ZPVEc 411718.2 415030.0 414574.8


(R1 = CH3) 〈S2〉 0.7537 0.7539 0.7539
DDH f


d ≡ 0 −48.6 −49.5
Conformere —f 1T5 3T4


1b → cis-2b + trans-2b [R1 = C(CH3)3] E + ZPVEb −428.108797 −428.127556 −428.127776
ZPVEc 633449.9 637067.3 636879.9
〈S2〉 0. 7538 0.7539 0.7539
DDH f


d ≡ 0 −49.3 −49.8
Conformere —f 1T5 3T4


1c → cis-2c + trans-2c (R2 = CH3) E + ZPVEb −310.249835 −310.266203 −310.265110
ZPVEc 407212.0 414798.3 414673.9
〈S2〉 0.7537 0.7539 0.7538
DDH f


d ≡ 0 −43.0 −40.1
Conformere –f


3T4
3T4


1d → cis-2d + trans-2d [R2 = C(CH3)3] E + ZPVEb −428.099582 −428.120857 −428.120004
ZPVEc 634727.3 637842.9 638426.3
〈S2〉 0.7561 0.7539 0.7539
DDH f


d ≡ 0 −55.9 −53.6
Conformere –f 2T3 1T5


1e → cis-2e + trans-2e (R3 = CH3) E + ZPVEb −310.248671 −310.263576 −310.266318
ZPVEc 409810.2 414846.9 414888.1
〈S2〉 0.7537 0.7540 0.7540
DDH f


d ≡ 0 −39.1 −46.3
Conformere —f 3T4


3T4


1f → cis-2f + trans-2f [R3 = C(CH3)3] E + ZPVEb −428.102026 −428.115379 −428.118958
ZPVEc 632076.7 637519.0 638294.5
〈S2〉 0.7538 0.7541 0.7541
DDH f


d ≡ 0 −35.1 −44.5
Conformere —f 3T4 4T5


a UB3LYP//6-31+G*//UB3LYP/6-31+G*. b E (not temperature corrected) + ZPVE in a.u.; 1 a.u. = 2625.50 kJ mol−1. c ZPVE in J mol−1. d DDH f


in kJ mol−1 (ZPVE-corrected). e For cyclization products cis-2 and trans-2. f For open chain conformers, see Fig. 1.


geometries of alkenoxyl radicals 1 and cyclized radicals cis/trans-
2 has been restricted for the sake of brevity to tert-butyl-
substituted oxyl radicals 1b, 1d, 1f, and tetrahydrofuryl-2-methyl
radicals cis-2b and trans-2b (Fig. 1). The conformation of the 4-
penten-1-oxyl radical chain and the positioning of substituents
in methyl-substituted alkenoxyl radicals 1a, 1c, 1e closely follows
the information provided for the tert-butyl derivatives. Further
structural details are evident from the information listed in Table 2.


Transition structures 7–10 were located on the corresponding
potential energy surfaces as follows. One chair-like and one boat-
like folding of the 4-penten-1-oxyl radical chain for the cis-
and for the trans-5-exo-trig reaction served as input geometries.
Substituents were positioned in either structure once in an
equatorial and once in an axial position, thus providing a set of
four transition structures. The argumentation for these, referring
to the two most significantly populated intermediates per mode of
ring closure is given in section 4 of the Discussion. A successive
shortening of the distance O,C4 from 3.00 to 1.48 Å provided the
highest energy structure along the reaction coordinate (AM1).34


The maximum of this transit was taken as input for a subsequent
transition structure search via gradient optimization procedures
using the first and second derivatives at the DF level of theory.
Verification of stationary points as authentic transition structures
was achieved by vibrational analysis. The existence of one imagi-
nary harmonic vibrational frequency that was associated with the
trajectory of O,C4 bond formation classified intermediates 7–10 as
authentic transition structures. DF-calculated heats of formation


Fig. 1 Ball and stick presentation of computed equilibrium geometries
of tert-butyl-substituted alkenoxyl radicals 1b (top), 1d and 1f (bottom),
and cyclization products cis/trans-2b (center). Oxygen atoms are depicted
in grey, carbon atoms in black and hydrogen atoms in white.
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Table 3 Calculated data, Maxwell–Boltzmann-weighted population Pa, and conformational details of transition structures 7–10a


7–10 Data 7 8 9 10


a E + ZPVEb −310.244983 −310.243339 −310.246196 −310.241827
R1 = CH3 ZPVEc 412206.1 411965.7 412858.6 412071.1


〈S2〉 0.7789 0.7773 0.7784 0.7770
DDH f


d 18.0 22.3 14.8 26.0
G298e −310.276807 −310.275666 −310.278058 −310.274196
DG298 f 3.3 6.3 ≡ 0.0 10.1
Pa [%]g 19.3 5.84 73.62 1.23
Conformeri


2T3
3T4 2T3


3T4


Substituentj a/banticlinal pe/pa e/banticlinal pa/pa
b E + ZPVEb −428.098434 −428.100089 −428.102621 −428.096776
R1 = C(CH3)3 ZPVEc 634812.0 634453.8 634788.5 635019.6


〈S2〉 0.7791 0.7756 0.7776 0.7715
DDH f


d 27.2 22.9 16.2 31.6
G298e −428.134987 428.137239 −428.139525 −428.133846
DG298 f 11.9 6.0 ≡ 0.0 14.9
Pa [%]g 0.71 8.01 90.99 0.22
Conformeri 3T4 3T4 2T3 4T5


Substituentj pa/pe pe/pa e/banticlinal b/a
c E + ZPVEb −310.243383 −310.236744 −310.241118 −310.240160
R2 = CH3 ZPVEc 412144.8 412286.4 412631.3 412031.6


〈S2〉 0.7787 0.7841 0.7784 0.7785
DDH f


d 16.9 34.4 22.9 25.4
G298e −310.275251 −310.268672 −310.272867 −310.272290
DG298 f ≡ 0.0 17.3 6.3 7.8
Pa [%]g 88.93 0.08 7.12 3.89
Conformeri 2T3 2T3


2T3
3T4


Substituentj e/banticlinal a/bsynclinal a/banticlinal e/pa
d E + ZPVEb −428.096629 −428.087255 −428.092071 −428.093214
R2 = C(CH3)3 ZPVEc 634914.9 634785.2 635724.4 634828.3


〈S2〉 0.7778 0.7837 0.7763 0.7763
DDH f


d 7.8 32.4 19.7 16.7
G298e −428.133749 −428.124636 −428.094401 −428.130411
DG298 f ≡ 0.0 22.3 13.6 8.8
Pa [%]g 96.78 0.01 0.39 2.82
Conformeri 2T3 1T2


2T3
3T4


Substituentj e/banticlinal pa/pe a/banticlinal e/pa
e E + ZPVEb −310.238619 −310.237246 −310.241887 −310.237834
R2 = CH3 ZPVEc 413478.0 413120.4 412771.3 412412.7


〈S2〉 0.7791 0.7757 0.7784 0.7771
DDH f


d 26.3 30.0 17.8 28.4
G298e −310.270212 −310.269191 −310.273673 −310.269894
DG298 f 9.1 11.8 ≡ 0.0 9.9
Pa [%]g 2.34 0.83 95.09 1.74
Conformeri


2T3
3T4 2T3


3T4


Substituentj pa/banticlinal e/pa pe/banticlinal a/pa
f E + ZPVEb −428.084003 −428.090371 −428.095634 −428.089174
R3 = C(CH3)3 ZPVEc 636501.8 636064.0 635416.4 635009.6


〈S2〉 0.7770 0.7727 0.7781 0.7827
DDH f


d 47.3 30.6 16.8 33.7
G298e −428.120153 −428.126971 −428.132355 −428.126427
DG298 f 32.0 14.1 ≡ 0.0 15.6
Pa [%]g 2.1 × 10−4 0.33 99.48 0.19
Conformeri


2T3
3T4 2T3 2T3


Substituentj pa/banticlinal e/pa pe/banticlinal pa/bsynclinal


a UB3LYP//6-31+G*//UB3LYP/6-31+G*. b E (not temperature-corrected) + ZPVE in a.u.; 1 a.u. = 2625.50 kJ mol−1. c ZPVE in J mol−1. d DDH f-values
(ZPVE-corrected) in kJ mol−1, referenced versus the associated alkenoxyl radical 1 (Table 2). e G298 in a.u. f DG298 in kJ mol−1, referenced versus the lowest
free-energy transition structure of every series of intermediates. g P. h [%] was calculated according to the following equation:


Pa = Fa · 100 = 100 ·
[


exp {−DGa/RT}
/


4∑
i = 1


exp {−DGi/RT}
]


.


i Classification of transition structures as distorted conformers of tetrahydrofuran (T = twist). j Arrangement of substituents in tetrahydrofuran-derived
transition structures: Rn/=CH2 (n = 1, 2, or 3; a = axial, b = bisectional, e = equatorial, pa = pseudoaxial, pe = pseudoequatorial. The notation anticlinal–
bisectional (banticlinal) and synclinal–bisectional (bsynclinal) refers to the spatial arrangement of the =CH2 entity. For definition of substituent positions refer to
Fig. 4 and 5.


(E + ZPVE), zero-point vibrational energies (ZPVE), expectation
values of spin operators (〈S2〉), relative heats of formation (DDH f),
Gibbs free energies (G298), DG298-values, Maxwell–Boltzmann-


weighted populations Pa (298.15 K), and a short summary of
relevant conformational parameters of transition structures 7a–f,
8a–f, 9a–f, and 10a–f are summarized in Tables 3 and 4.


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 4089–4100 | 4093







Table 4 Selected geometrical parameters of transition structures 7–10a


7–10 Parameter 7 8 9 10


a r1 [Å] 2.049 2.092 2.060 2.095
R1 = CH3 r2 [Å] 2.665 2.659 2.649 2.655


r3 [Å] 1.377 1.372 1.374 1.371
φ [◦] 100.25 98.11 98.97 97.79
d1 [◦] −174.20 −175.05 −174.22 −175.03
d2 [◦] 161.65 166.16 162.97 166.59


b r1 [Å] 2.073 2.097 2.067 2.134
R1 = C(CH3)3 r2 [Å] 2.692 2.672 2.655 2.698


r3 [Å] 1.373 1.370 1.374 1.365
φ [◦] 100.75 98.67 99.01 98.52
d1 [◦] −175.23 −175.51 −174.32 −176.20
d2 [◦] 163.44 166.97 163.47 169.75


c r1 [Å] 2.051 2.061 2.053 2.066
R2 = CH3 r2 [Å] 2.642 2.701 2.642 2.661


r3 [Å] 1.376 1.377 1.376 1.373
φ [◦] 98.98 101.75 98.91 98.46
d1 [◦] −174.12 −175.14 −174.28 −174.92
d2 [◦] 162.43 161.52 162.44 165.50


d r1 [Å] 2.069 2.095 2.089 2.114
R2 = C(CH3)3 r2 [Å] 2.649 2.753 2.654 2.686


r3 [Å] 1.373 1.370 1.371 1.369
φ [◦] 98.62 103.21 98.04 98.66
d1 [◦] −174.5 −175.06 −174.99 −175.55
d2 [◦] 163.48 161.75 164.52 167.32


e r1 [Å] 2.041 1.997 2.049 2.093
R3 = CH3 r2 [Å] 2.636 2.627 2.636 2.654


r3 [Å] 1.378 1.390 1.375 1.372
φ [◦] 99.02 100.15 98.78 97.78
d1 [◦] −173.57 −171.36 −174.05 −175.17
d2 [◦] 161.15 157.77 161.26 165.72


f r1 [Å] 2.044 2.076 2.051 2.072
R3 = C(CH3)3 r2 [Å] 2.559 2.573 2.614 2.658


r3 [Å] 1.377 1.372 1.375 1.374
φ [◦] 94.82 94.29 97.53 98.93
d1 [◦] −172.86 −173.94 −174.11 −173.97
d2 [◦] 162.86 167.62 162.78 162.49


a r1 = O1–C5, r2 = O1–C6, r3 = C5–C6, φ = O1–C5–C6, d1 = C5–C6–Ha–Hb, d2 = C6–C5–C4–Hc.


The illustration of transition structures outlined in Fig. 2
has, for the sake of brevity, been restricted to representative
intermediates from the cis- and the trans-5-exo-trig cyclization of
the 1-(tert-butyl)-4-pentenoxyl radical 1b. A match plot showing
intermediates from each favored mode of 5-exo-trig ring closure of
radical 1a (yellow) and 1-tert-butyl derivative 1b (blue) is outlined
in Fig. 3.


Discussion


1. Stereoselective tetrahydrofuran synthesis


(a) Alkenoxyl radical cyclizations. The customary cis selec-
tivity in 5-exo-trig ring closures of 2-substituted 4-penten-1-oxyl
radicals is retained in the intramolecular addition of 2-tert-butyl-
substituted O-radical 1d. Its diastereoselection (cis : trans = 90 : 10)
exceeds the value measured for the 2-phenyl- (cis : trans = 88 : 12)


and for the 2-methyl-derivative (cis : trans = 75 : 25) in the same
temperature range.3,30 A tert-butyl group at position 3 induces
trans-selective tetrahydrofuryl-2-methyl radical formation, which
qualitatively follows the trend observed for other 3-substituted 4-
penten-1-oxyl radicals.3,30 The degree of diastereoselection thereby
increases along the series of 3-substituents CH3 (cis : trans = 14 :
86) < C6H5 (cis : trans = 2 : 98) < C(CH3)3 (cis : trans < 2 : 98).


The concentration of the trapping reagent Bu3SnH applied
in the synthesis of tert-butyl-substituted tetrahydrofurans 3d
and 3f correlates with the value established in previous kinetic
experiments.2,35 By comparing ratios of cyclized products 3 versus
those of direct hydrogen atom trapping, i.e. tert-butyl-substituted
bishomoallylic alcohols, it is therefore possible to estimate the
magnitude of associated rate constants. Since relative yields of 2-
(tert-butyl)-4-penten-1-ol and that of 3-(tert-butyl)-4-penten-1-ol
did not exceed 2% (NMR analysis), it is reasonable to assume
that the rate constants 1d → cis/trans-2d and 1f → cis/trans-2f
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Fig. 2 Relevant transition structures (UB3LYP/6-31+G*) for the cis- (top) and the trans-5-exo-trig ring closure of the 1-(tert-butyl)-4-penten-1-oxyl
radical 1b (bottom). Oxygen atoms are depicted in grey, carbon atoms in black and hydrogen atoms in white.


Fig. 3 Match plot of favored transition structures for the cis- (left) and
the trans-5-exo-trig cyclization of 1-substituted 4-pentenoxyl radicals 1a
(yellow) and 1b (blue).


are in the same order of magnitude (k5-exo ∼ 108 s−1 at ambient
temperature) as those of their methyl-substituted derivatives, i.e.
alkenoxyl radicals 1c and 1e.


(b) Stereochemical analysis. The cis configuration of the
major cyclization product that is formed in the radical reaction be-
tween N-[(2-tert-butyl)pentenoxy]thiazolethione 6d and Bu3SnH,
was determined on the basis of NOESY correlations. This infor-
mation was supplemented by a stereochemical analysis on 4-(tert-
butyl)-2-(iodomethyl)tetrahydrofuran (cis : trans = 91 : 9), which
has been converted into 4-(tert-butyl)-2-methyltetrahydrofuran
(3d) with a retention of relative configuration upon treatment with
LiAlH4/LiH (ESI†). The major stereoisomer of the iodomethyl
compound showed a shift difference of 0.72 ppm for the two
protons attached at C3. The minor stereoisomer showed a Dd
of 0.39 ppm. On the basis of a combined NMR–X-ray diffrac-
tion study on 4-substituted 2-(iodomethyl)tetrahydrofurans, the
former value is indicative of a 2,4-cis configuration, whereas the
latter points to a 2,4-trans arrangement.6,36


The trans arrangement of substituents in tetrahydrofuran
trans-(3f), i.e. the product that is formed from N-[3-(tert-butyl)-
pentenoxy]thiazolethione 6f and Bu3SnH, was determined as
follows. Diastereomerically pure 3-(tert-butyl)-2-(iodomethyl)-
tetrahydrofuran was prepared via iodocyclization of 3-tert-butyl-
4-penten-1-ol in CH3CN/satd. aq. NaHCO3. The latter reaction
has been investigated in great detail for the 3-phenyl derivative
thus showing a marked 2,3-trans diastereoselectivity.6 On the basis
of results from a combined NMR–X-ray diffraction study,6 the
chemical shift of 13.5 ppm for the CH2I carbon atom recorded
for the sample of 3-(tert-butyl)-2-(iodomethyl)tetrahydrofuran is
indicative of a 2,3-trans configuration. The corresponding 13C
resonance of the cis-isomer would have been expected at 6 ppm.6


LiH/LiAlH4-reduction of trans-3-(tert-butyl)-2-(iodomethyl)-
tetrahydrofuran affords trans-3f (ESI†).


2 Calculated geometries of alkoxyl radicals 1 and cyclized
radicals 2


(a) Alkenoxyl radicals 1. The atoms within the 4-pentenoxy
chain of 1-substituted radicals (R)-1a, (S)-1b (Fig. 1), and the (2S)-
methyl-4-pentenoxyl radical (S)-1c show a negative (−) synclinal
(−sc) arrangement for O–C1–C2–C3, antiperiplanar (ap) for C1–
C2–C3–C4, and anticlinal (ac) for C2–C3–C4–C5 (for atom count
refer to Fig. 5). The −sc, +sc, ac arrangement of corresponding
atoms in the favored conformation of 2-tert-butyl substituted
radical (R)-1d gives rise to close contacts since the distances
O · · · C4 = 2.624 Å and O · · · C5 = 3.036 Å fall below the sum
of the associated van der Waals radii (1.52 Å for O and 1.70 Å for
C, see below).37 3-Substituted alkenoxyl radicals (S)-1e, and (S)-1f
(Fig. 1) are characterized by an ap, +sc, −ac orientation of atoms
along the 4-pentenoxyl radical chain.
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Fig. 4 Definition of H atom sites and calculated H–C–C–C dihedral
angles [◦] in distinguished conformers of cyclopentane (B3LYP/6-31+G*,
ESI†): equatorial (e, 162–164◦), pseudoequatorial (pe, 155◦), bisectional (b,
134–108◦), pseudoaxial (pa, 85◦), and axial (a, 79–76). For cyclohexane:
177◦ for e and 66◦ for a (B3LYP/6-31+G*, ESI).38,47


Fig. 5 Atom count in alkoxyl radical 1 (left) and tetrahydrofuran-derived
transition structures, e.g. I and II (center and right). The curves in
intermediate II symbolizes an approximately synperiplanar arrangement
of substituents.


(b) Cyclization products. The heterocyclic core of sub-
stituted tetrahydrofuryl-2-methyl radicals 2 adopts twist (T)
conformations.38 The atoms that define a plane and those which are
offset, however, differ, depending on the positioning and the steric
size of substituents. The preference for the 3T4 or 3T4 conformation
of tetrahydrofuran39,40 is retained in most (trans-2a, trans-2b, cis-
2c, trans-2c, cis-2e, trans-2e, cis-2f) but not all instances (1T5 for
cis-2a and cis-2b, 2T3 for cis-2d, 1T5 for trans-2d, and 4T5 for
trans-2f). These arrangements may be rationalized on the basis
of strain effects associated with the heterocyclic core and synclinal
interactions caused by alkyl and CH2 substituent positioning.
The steric demand of substituents attached to tetrahydrofuran
in radicals 2 follows the sequence C(CH3)3 > CH3 > CH2. The
preference for placing an alkyl substituent in tetrahydrofuran,
according to the data of the present study, decreases along the
series of substituent arrangements e > pe > b > pa > a.41–43


If related to H–C–C–C angles in distinguished conformers of
cyclopentane44–47 (B3LYP/6-31+G*, Fig. 4, ESI†), this sequence
correlates with the magnitude of the dihedral angle that defines
the offset of the substituent from a three atom segment of the
heterocycle core. A larger dihedral angle, as a matter of fact, allows
sterically demanding substituents to be directed further away from
the cyclic framework thus reducing steric interactions between the
two entities.


3 Reaction enthalpies


Results from DF calculations predict that 5-exo-trig cyclizations
of methyl- and tert-butyl-substituted 4-penten-1-oxyl radicals 1a–f
are exothermic by −43 to −50 kJ mol−1. Although it is tempting to
interpret these numbers in terms of a notable barrier for the reverse
reaction, absolute reaction enthalpies computed at the selected
level of theory should be treated with care.22 The calculated
values are close to the range of −42 to −48 kJ mol−1 reported
previously for 5-exo-trig cyclizations of 4-substituted 4-penten-1-
oxyl radicals, but less exothermic than the number calculated for


the methoxyl radical addition to the terminal position of propene
(−61 kJ mol−1) using the same computational method.14


The calculated relative heats of formation are in favor of 2,5-
trans [DDH f = 0.9 kJ mol−1 for 2a and 0.5 kJ mol−1 for 2b], 2,4-cis
[DDH f = 2.9 kJ mol−1 for 2c and 2.3 kJ mol−1 for 2d], and 2,3-trans
cyclization products [DDH f = 7.2 kJ mol−1 for 2e and 9.4 kJ mol−1


for 2f].


4 Transition structures, activation enthalpies, and computed
selectivities


Stereoselectivities in 5-exo-trig cyclizations of methyl- and tert-
butyl-substituted 4-penten-1-oxyl radicals were calculated by
considering relative free energies of relevant transition structures
7–10 and Maxwell–Boltzmann statistics. This approach required
simplifications to be made, which relate to temperature effects
and the correlation between data from experiments to those from
theory.


(i) Temperature effects in diastereoselective tetrahydrofuran
synthesis via 4-penten-1-oxyl radical 5-exo-trig ring closures in the
range of 15–30 ◦C are in most instances smaller than the necessary
precision for experimentally determining such ratios.2,3,30


(ii) Correlation between theory and experiment: hydrogen
atom delivery onto structurally simple primary, secondary, and
tertiary alkyl radicals with Bu3SnH proceeds with comparable rate
constants.48 Disubstituted tetrahydrofuran formation from either
diastereomer of cyclized radicals 2a–f and Bu3SnH therefore is
expected to occur with a similar efficiency and yield.


(a) Conformational and structural aspects of calculated transi-
tion structures. Two relevant transition structures for the cis- and
two for the trans-5-exo-trig ring closure were located on potential
energy surfaces of 4-penten-1-oxyl radicals 1a–f. These structures
are considered to represent the most significantly populated
intermediates for the following reasons:


(i) If classified as distorted conformers of tetrahydrofuran,
transition structures 7–10 adopt either low-energy conformers
(2T3, 2T3) or global minima (3T4, 3T4). The fact that 2T3-arranged
intermediate I is consistently favored is explicable on the basis
of conformational preferences and stereoelectronic effects.49 An
approach of reacting entities in a folded conformer, similar to the
equilibrium structure of 1d (Fig. 1) directly affords the underlying
geometry of transition structure I, without undergoing further
notable changes. The angle O1 · · · C5=C6 for 9a–b, 7c–d, 9e–
f measures 97.5–99.0◦, which is in line with a Bürgi–Dunitz-
type trajectory for the intramolecular O-radical addition.50 The
distance O1 · · · C5 in these intermediates (2.05–2.07 Å) points to
tighter transition structures with a more acute angle of attack than
those reported for 5-hexen-1-yl radical 5-exo-trig cyclizations.13,12


On the basis of the present data and those which are disclosed in
the ESI†, the preference for adopting 2T3-arranged intermediates
is considered to be only marginally dependent on the precise
lengths of the newly formed bond, and hence the method applied
for computing transition structures of 5-exo-trig cyclizations of
alkenoxyl radicals 1 and structurally related derivatives thereof.


(ii) Substituents in favored transition structure I are located
in equatorial (C2, C3), pseudoequatorial (C4), and anticlinal–
bisectional (hereafter banticlinal, Fig. 5) positions. In intermediates
with the next highest G298 value, the larger of the two substituents
is found in one of the more favorable orientation, while the smaller
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is located in one of the less favored ones (Fig. 6). The steric demand
of substituents in the transition structures follows the alignment
C(CH3)3 > =CH2 > CH3. The intermediate position of the =CH2


substituent originates from stereoelectronic constraints associated
with the C,O-bond formation. The preference for placing an alkyl
substituent thereby decreases along the sites e > pe > b > pa > a.


Fig. 6 Visualization of disfavored transition structures III–VIII in
4-penten-1-oxyl radical 5-exo-trig ring closures. Stereodescriptors refer
to =CH2 positioning. Curves symbolize an approximately synperiplanar
arrangement of substituents.


(b) Activation enthalpies. The ring closure associated with
the smallest activation enthalpy is correlated with major product
formation, i.e. trans-2a, trans-2b, cis-2c, cis-2d, trans-2e, and trans-
2f. These DH‡-values fall into the range of 15–18 kJ mol−1 (for
1a–c, 1e–f). A smaller barrier for the cis-5-exo-trig reaction of
2-(tert-butyl)-substituted 4-pentenoxyl radical 1d (8 kJ mol−1)
is considered to originate from its elevated ground state energy
level caused by strain effects. Cyclizations associated with the
next highest activation enthalpy afford products of opposed
diastereoselection. Differences in enthalpic barriers between these
two pathways increase along the series of substituents 1-CH3


(DDH‡ = +3 kJ mol−1), 2-CH3 (+6 kJ mol−1), 1-C(CH3)3


(+7 kJ mol−1) < 3-CH3 (+9 kJ mol−1) ∼2-C(CH3)3 (+9 kJ mol−1) <


3-C(CH3)3 (+14 kJ mol−1) and qualitatively reflect the degree
of diastereoselection exerted by the given substituents at their
positions.


(c) Stereoselectivities in 4-penten-1-oxyl 5-exo-trig ring clo-
sures. The 2,3-trans, 2,4-cis, and 2,5-trans diastereoselection
exerted by a CH3 or a C(CH3)3 group increases along positions
1 < 2 < 3 of the 4-penten-1-oxyl radical chain. This alignment
correlates with the distance between the given substituents and the
=CH2 entity in 5-exo-trig transition structures. It differs, however,
from the sequence 2 < 3 < 1 associated with steric effects of
CH3 and C(CH3)3 substituents in tetrahydropyran, as documented
on the basis of experimental51 and computational52,53 (B3LYP/6-
31+G*, ESI†) A-values analyses.


Theory slightly but systematically overestimates diastereoselec-
tion in 4-penten-1-oxyl radical 5-exo-trig reactions (298 K), if
compared to experimentally determined cis–trans ratios of cyclic
ethers 3a–f (293–303 K, Table 5). One of the reasons for this devia-
tion could be associated with the issue of conformer equilibration
prior to C,O-bond formation as outlined above. If rate constants
for conformational interchanges that are necessary in order to
maintain the equilibrium of relevant transition structures come
close to the rate constant of a 5-exo-trig ring closure, a depletion
of lowest energy transition structures occurs. As a matter of fact,
the statistical weight of cyclizations associated with the higher free-
energy transition structures increases and becomes larger than the
value calculated by Maxwell–Boltzmann statistics.


5 Diastereoselection in 4-penten-1-oxyl radical 5-exo-trig
cyclizations


(a) The preferred path of 5-exo-trig ring closure. Theory
predicts that the lowest free-energy transition structure in the 4-
penten-1-oxyl radical 5-exo-trig ring closure adopts a distorted 2T3


conformation of tetrahydrofuran. This intermediate is character-
ized by one elongated C,O-bond and an orientation of substituents
which allows them to experience the fewest and least severe
synperiplanar (=CH2) and synclinal (CH3 or C(CH3)3] interactions.
Diastereoselection in cyclizations of the selected set of radicals
thus originates from free-energy differences caused by strain effects
within the distorted tetrahydrofuran nucleus and steric repulsions
due to substituents attached to it.


(b) Scope and limitations. Multiple alkyl-substitution should
be treated cumulatively, by positioning the majority of substituents
into favored positions of a 2T3-configured transition structure and


Table 5 Experimental and calculated stereoselectivities in cyclizations of 4-penten-1-oxyl radicals 1a–f


Entry 1–3 R1 R2 R3 cis-3 : trans-3 (exp.) cis-2 : trans-2a (calcd.)


1 a CH3 H H 36 : 64b 25 : 75
2 b C(CH3)3 H H 15 : 85b 9 : 91
3 c H CH3 H 75 : 25b 89 : 11
4 d H C(CH3)3 H 90 : 10c 97 : 3
5 e H H CH3 14 : 86b 3 : 97
6 f H H C(CH3)3 <2 : 98c ,d 0.3 : 99.7


a T = 25 ◦C (298.15 K). b T = 30 ◦C. c T = 20 ◦C. d cis-3f was not detected (1H NMR).
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the minority into those which are disfavored. If the number of
substituents in favorable positions minus those in disfavored ones
is larger than 1, diastereoselection may increase, depending on
the exact nature of the substituent. If the number is 1 or below,
the stereoselectivity exerted by the largest substituent may be
retained or lowered, depending on the accurate size and nature
of the additional substituent(s).4 An extension of this picture to a
preferred positioning of polar substituents, for instance of O-alkyl,
O-acyl, or other heteroatom groups, is considered to experience
limitations since, e.g. exo-anomeric or related stereoelectronic
effects, have not been considered in the present model. This issue
is under current investigation.


(c) Stereochemical analysis of an unsettled instance. In view
of the correlation between theory and experiment, attempts were
made to re-interpret diastereoselection of the 1-phenyl-4-penten-
1-oxyl radical (1g) and that of p-substituted 1-aryl-4-penten-1-
oxyl radicals, which has hitherto been difficult to rationalize
on the basis of cyclohexane-derived transition state models.3a,30,35


Radical 1g cyclizes in a kinetically controlled reaction to furnish
a 52 : 48 mixture of cis-3g : trans-3g, if trapped with reactive
H-atom donors (Scheme 6).30 Favored transition structure Ig and
its stereochemical alternative IIIg were constructed by considering
the guidelines given in section 4 of the Discussion. An UB3LYP/6-
31+G* computational analysis indicated that a coplanar arrange-
ment between the phenyl and the oxyl radical substituent in
Ig, similar to the recommended preferred conformation of the
cumyloxyl radical,54 is not attainable without imposing additional
strain caused by close contacts between one of the ortho-hydrogens
and the adjacent equatorially positioned H atom. In transition
structure IIIg, however, a synperiplanar positioning of the phenyl
and the oxyl radical substituent is feasible, which affords a parallel
arrangement of the phenyl and the vinyl group. Since structure IIIg
lacks significant synclinal interactions, neither of the likewise con-
structed transition structures should be significantly favored. This
interpretation would suggest an approximate uniform distribution
of cis–trans diastereoisomers to form from the 5-exo-trig reaction.


Scheme 6 Proposed energetically lowest transition structures Ig and IIIg
in the 1-phenyl-4-penten-1-oxyl radical 5-exo-trig cyclization.


Concluding remarks


The favored mode of 5-exo-trig cyclization of methyl- and tert-
butyl-substituted 4-penten-1-oxyl radicals proceeds, according to
theory, via transition structures that show an offset of atoms C2
and C3 into opposite directions from the plane of O1 (radical
center)/C5 (olefinic C)/C4 (allylic C). This conformation allows


alkyl substituents and the =CH2 entity to adopt positions that are
associated with the fewest and least severe synclinal and synperipla-
nar interactions. Diastereoselection exerted by alkyl substituents
thus originates from free-energy differences of relevant transition
structures in 4-penten-1-oxyl radical 5-exo-trig ring closures,
caused by strain effects within the distorted heterocyclic core and
steric repulsion originating from substituents attached to it.


Finally, the transition structure notation applied in the present
study deserves a comment. The systematic is based on the
convention associated with the heterocycle, the intermediates
structurally resemble the closest. This definitely is tetrahydrofuran
and not tetrahydropyran. The selected approach will be illustrative
for those who are familiar with the tetrahydrofuran and the
furanose convention.38 For those who feel more comfortable with
the existing stereochemical model (Beckwith–Schiesser–Houk–
Spellmeyer),8,9 it should be added that most but not all selectivities
in this study (see reactions of 1g) could have been approximated
using the latter mnemonic device. In recent years, however, it has
become obvious from the literature that others have become aware
of the dissimilarity between the geometry of computed transition
structures in carbon radical cyclizations and the nomenclature
they were using to describe these intermediates.13 Although the
authors consistently adhered to the common convention, it is
essential to emphasize at this point that, at least for the 4-
penten-1-oxyl radical 5-exo-trig cyclization, steric effects of alkyl
substituents differ in degree and magnitude from what one would
expect on the basis of an A-value analysis for tetrahydropyran.
In view of these arguments we feel that the tetrahydrofuran-based
transition state notation is able to more precisely refer to confor-
mational aspects associated with the steric interplay between the
distorted heterocyclic core and the substituents attached to it.


Experimental


Instrumentation and general remarks have been reported previ-
ously (see also the ESI†).6


1. Synthesis of thiohydroxamic acid O-esters—general procedure


A flame-dried round-bottomed flask was charged with anhydrous
DMF (10 mL), N-(hydroxy)-4-(p-chlorophenyl)thiazole-2(3H)-
thione tetraethylammonium salt (4) (1.07 g, 2.20 mmol) and
treated at 20 ◦C in drops with a solution of alkenyl tosylate 5d
or 5f (ESI†) (600 mg, 2.03 mmol) in anhydrous DMF (5 mL). The
flask was wrapped in aluminium foil and stirring was continued
for 6 d at 20 ◦C. The reaction mixture was poured into a mixture
of tert-butyl methyl ether (MTB)–H2O (30 mL each). The phases
were separated. The aqueous layer was washed with MTB (3 ×
20 mL). The organic phases were combined and washed with a
satd. aq. solution of Na2CO3 (10 mL) and with brine (10 mL
each) to afford a clear solution, which was dried (MgSO4) and
concentrated under reduced pressure. The remaining oil was
purified by chromatography [SiO2, petroleum ether–Et2O = 1 :
1, (v/v)] to afford N-[(tert-butyl)pentenoxy)thiazolethione 6d or
6f as a colorless solid.


N -[2-(tert-Butyl)-4-penten-1-oxy]-4-(p-chlorophenyl)thiazole-
2(3H)thione (5d). Yield: 1.68 g (80%), mp 69 ◦C. 1H NMR
(250 MHz; CDCl3): d = 0.87 [s, 9 H, C(CH3)3], 1.35 (mc, 1 H,
3-H), 1.75–1.91 (m, 1 H, 3-H), 2.10–2.22 (m, 1 H, 2-H), 3.89 (dd,


4098 | Org. Biomol. Chem., 2006, 4, 4089–4100 This journal is © The Royal Society of Chemistry 2006







J 8.9, 4.9, 1 H, 1-H), 4.21 (dd, J 8.9, 4.9, 1 H, 1-H), 4.78 (ddd, J
15.6, 11.9, 1.5, 2 H, 4-H), 5.44 (mc, 1 H, 5-H), 6.48 (s, 1 H, 5′-H),
7.47 (mc, 4 H, Ar–H). 13C NMR (63 MHz; CDCl3): d = 28.4 (CH3),
28.5 [C(CH3)3], 32.7 (C-2), 48.0 (C-3), 77.8 (C-1), 106.0 (C-5′),
116.1 (C-5), 127.1, 129.5 (Ph), 130.3 (Ph), 136.7, 138.0 (C-4′), 181.5
(C=S). IR (CCl4): m = 3108, 2955, 2878, 1557, 1480, 1397, 1365,
1299, 1211, 1091, 1052, 1014, 959 cm−1. MS (70 eV, EI): m/z =
243 (9) [C9H5ClNOS2


+], 168 (15) [C9H5ClNS2
+], 84 (48), 57 (100),


41 (52). Calcd. for C18H22ClNOS2 (367.95): C, 58.76; H, 6.03; N,
3.81; S, 17.43. Found: C, 58.78; H; 5.75; N, 3.91; S; 17.14%.


N -[3-(tert-Butyl)-4-penten-1-oxy]-4-(p-chlorophenyl)thiazole-
2(3H)thione (6f). Yield: 1.22 g (74%), mp 61 ◦C. 1H NMR
(250 MHz; CDCl3): d = 0.79 [s, 9 H, C(CH3)3], 1.30 (dddd, J
13.7, 11.5, 9.5, 4.9, 1 H, 2-H), 1.60 (ddd, J 11.6, 9.5, 2.1, 1 H,
3-H), 1.85 (tdd, J 13.4, 7.9, 2.4, 1 H, 2-H), 3.94 (td, J 7.6, 7.3, 1
H, 1-H), 4.12 (dt, J 7.6, 4.9, 1 H, 1-H), 4.62 (dd, J 17.1, 2.1, 1 H,
5-H), 4.88 (dd, J 10.4, 2.1, 1 H, 5-H), 5.35 (ddd, J 17.1, 10.4, 9.8,
1 H, 4-H), 6.50 (s, 1 H, 5′-H), 7.50 (mc, 4 H, Ar–H). 13C NMR
(63 MHz; CDCl3): d = 27.4 [C(CH3)3)], 27.8 (CH3), 31.2 (C-2),
51.3 (C-3), 76.3 (C-1), 105.9 (C-2′), 117.3 (C-4), 127.0, 129.5 (Ph),
130.1 (Ph), 136.0, 139.0, 171.95 (C=S). IR (KBr): m = 2956, 2870,
2357, 2334, 1792, 1645, 1554, 1481, 1453, 1308, 1204, 1040 cm−1.
MS (70 eV, EI): m/z = 227 (10) [C9H5ClNS2


+], 168 (8) [C8H5ClS+],
57 (100), 41 (24), 39 (17). Calcd. for C18H22ClNOS2 (367.95): C,
58.76; H, 6.03; N, 3.81; S, 17.43. Found: C, 58.86; H, 5.94; N, 3.74;
S, 17.96%.


2. Photolysis of N-[(tert-butyl)pentenoxy]-4-(p-chlorophenyl)-
thiazole-2(3H)thiones 6 in the presence of Bu3SnH (GC analysis)


A Schlenk flask was charged with a solution of N-(alkenoxy)-4-
(p-chlorophenyl)thiazolethione 6d or 6f (25.5 mg, 0.066 mmol) in
C6H5CF3 (2 mL). Olefin-free tetradecane (8.3 mg, 0.042 mmol)
was added (internal standard). The flask was sealed with a rubber
septum and cooled to liquid-nitrogen temperature. The solution
was deaerated by means of two freeze–pump–thaw cycles (Ar
as flushing gas) and subsequently warmed in a water bath to
20 ◦C. Bu3SnH (0.09 mL, 0.33 mmol) was added via a syringe. The
reaction mixture was photolyzed for 25 min at 20 ◦C in a Rayonet R©


chamber photoreactor (k = 350 nm) and hereafter analyzed by GC
(for retention times and preparative scale synthesis of reference
compounds refer to the ESI†).


3. Photolysis of N-[(tert-butyl)pentenoxy]-4-(p-chlorophenyl)-
thiazole-2(3H)thiones 6 in the presence of Bu3SnH
(1H NMR analysis)


A Schlenk flask was charged with a solution of N-(alkenoxy)-4-
(p-chlorophenyl)thiazolethione 6d or 6f (25.5 mg, 0.066 mmol)
in C6D6 (2 mL). A defined amount of anisole was added (internal
standard). The flask was sealed with a rubber septum and cooled to
liquid-nitrogen temperature. The reaction mixture was deaerated
by means of two freeze–pump–thaw cycles (Ar as flushing gas)
and was subsequently warmed in a water bath to 20 ◦C. Bu3SnH
(0.09 mL, 0.33 mmol) was added via a syringe. The colorless
solution was photolyzed for 25 min in a Rayonet R© chamber
photoreactor (k = 350 nm) and was subsequently analyzed by
1H NMR (for spectral data of tetrahydrofurans 3d and 3f refer to
the ESI†).
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Microwave irradiation of substituted hydrazines and b-ketoesters gives 5-aminopyrazoles in excellent
yield, which can be transformed to the corresponding N-carbonyl derivatives by treatment with an
isocyanate or chloroformate. Derivatization of 4-nitronaphth-1-ol using predominantly microwave
heating methods and reaction with an N-pyrazole carbamate provides a rapid route to the N-pyrazole
urea BIRB 796 in high purity, as a potent and selective inhibitor of p38a mitogen-activated protein
kinase for the study of accelerated ageing in Werner syndrome cells.


Introduction


P38a is one isoform of the mitogen-activated protein kinase
(MAPK) intracellular enzymes, which are central to the regulation
of cytokine biosynthesis and inflammatory cell signalling.1,2 When
activated, p38a MAPK is phosphorylated in an activation loop by
dual specificity kinase MKK3 and 6 in response to extracellular
stimuli and phosphorylates other kinases, leading to the regulation
of target genes.3 The reduction of pro-inflammatory cytokine levels
offers a means for the treatment of inflammatory disorders such as
rheumatoid arthritis and so the design of safe and efficacious p38a
inhibitors suitable for clinical investigation remains a compelling
therapeutic target.2,4 Following the discovery that pyridinylimida-
zole p38a inhibitors such as SB203580 mediate multiple cellular
responses,1 including the production of inflammatory cytokines,
a wide variety of structurally-distinct chemotypes5,6 have been
discovered to inhibit this enzyme with notable differences in
binding motif.7 Urea-based inhibitors, including Boehringer In-
gelheim’s p38 MAPK candidate BIRB 7968 which was advanced to
clinical trials,9 are one such chemotype, adopting a unique binding
mode that is distinct from adenosine 5′-triphosphate competitive
binders.10


Werner syndrome (WS) is a rare autosomal recessive disorder.11


The mutated gene (WRN) encodes for a RecQ helicase involved in
DNA replication, recombination and repair.12 Individuals living
with the syndrome display the premature onset of many of the
clinical features of old age, show early susceptibility to a number of
major age-related diseases and have a greatly abbreviated median
life expectancy (47 years).11 Consequently, WS is widely used
as a model disease to investigate the mechanisms underlying
normal human ageing.13 As part of our interest in mechanisms
of premature cell senescence, we showed that by administering
the p38a inhibitor SB203580 to WS cells all of the features of
accelerated replicative decline were rescued, including growth
rate and cell morphology.14 This observation suggested that the
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abbreviated life span of WS cells is due to stress-induced growth
arrest mediated by p38a MAPK, which we speculate is transduced
from frequently stalled replication forks. It also offers a means to
clinically regulate this process and, by chemotherapeutic means,
intervene in a premature ageing syndrome. This manuscript
describes our rapid microwave-assisted route to BIRB 796 to
corroborate these findings on the role of signal transduction in
replicative senescence.


Results and discussion


The synthesis of pyrazole-derived inhibitors of p38a, leading to
the discovery of BIRB 796,8 has been described by Boehringer
Ingelheim and utilizes, as the key step, the reaction of a 5-
aminopyrazole and 4-aminonaphthol with phosgene (Fig. 1)8c to
give the N-pyrazole urea (22% yield for this, the final step in the
synthesis). These procedures use traditional conductive heating
methods and in our hands proceeded in very disappointing yield
when carried out on a small scale. Given our previous success
in microwave-mediated heteroannelation processes,15 we set out
to realize the rapid and efficient synthesis of BIRB 796 using
microwave irradiation, to facilitate its biological study.
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Fig. 1 The Boehringer Ingelheim synthesis of BIRB 796.8c


Taking the Boehringer Ingelheim approach as the first premise
of study,8c microwave irradiation of a b-ketoester and substituted
hydrazine should enable rapid access to the heteroaromatic
amine for elaboration of BIRB 796. To test this hypothesis in
a model microwave reaction, a mixture of phenylhydrazine 1a and
pivaloylacetonitrile 2a was irradiated in a range of solvents at
110–120 ◦C to give 5-aminopyrazole 3a (R1 = Ph, R2 = CMe3) in
57–93% yield after 30–60 min (Table 1). Although the yields for
experiments carried out in methanol (entry 3) and toluene–acetic
acid (entry 7) were comparable to those obtained using conductive
heating (entry 9), the reaction times were dramatically reduced and
so the scope of this process was further explored.


A range of 5-aminopyrazoles 3a–i was generated by irradiation
of a subset of b-ketonitriles 2 and hydrazines 1 (Scheme 1, Table 2)
in methanol. This solvent was chosen as the method of choice
because of the ease of product purification simply by evaporation


Table 1 Investigating conditions for microwave irradiation of phenylhy-
drazine 1a (R1 = Ph) and pivaloylacetonitrile 2a (R2 = CMe3)


Entry Solvent ◦Ca Min Yield%b


1 MeOH 120 15 32
2 MeOH 120 30 68
3 MeOH 120 40 93
4 EtOH 110 30 57
5 EtOH 120 40 78
6 PhMe 110 15 66
7 PhMe–AcOH (5 : 1) 110 40 93
8 DMSO 120 30 57
9c PhMe (conductive heating) Reflux 18 h 88 (89)d


a A constant temperature is maintained by the moderation of the initial
microwave power (100 W or 150 W for entry 5). b Isolated yield of
5-aminopyrazole 3a after evaporation and purification by trituration
with light petroleum. c A conductive heating procedure was investigated
according to literature conditions (reference 8c) for comparison. d The
isolated yield for this transformation, as taken from the literature (reference
8c), is given in parentheses. In the literature experiment, pyrazole 3a was
obtained after purification by column chromatography on silica. Our
alternative and more expedient purification method has little effect on
yield (88 vs. 89%) and so variations can be attributed to differences in the
reaction conditions.


Table 2 Synthesis of pyrazoles 3a–i at 120 ◦C for 40 min in MeOH under
microwave-assisted conditions


Entry 1 2 3 R1 R2 Yield%a


1 a a a Ph CMe3 93
2 a·HCl a a·HCl Ph CMe3 89
3 b·HCl a b·HCl 4-Tolyl CMe3 90
4b b·HCl a b·HCl 4-Tolyl CMe3 98
5 c a c H CMe3 97
6 d a d Me CMe3 91
7 e·HCl a — CMe3 CMe3


c


8 a b e Ph Ph 80
9 a·HCl b e·HCl Ph Ph 88


10 b·HCl b f·HCl 4-Tolyl Ph 74
11 c b g H Ph 84
12 d b h Me Ph 89
13 e·HCl b i·HCl CMe3 Ph d


a Isolated yield of the corresponding aminopyrazole 3 after evaporation
and purification by trituration with light petroleum. b Irradiated at 120 ◦C
for 60 min. c Irradiation of 1e·HCl and 2a (entry 7) resulted in explosive
tube rupture and should not be attempted. d Pyrazole 3i·HCl (entry 13)
was formed but could not be separated from side products.


Scheme 1 Reagents and conditions: (i) MeOH, microwaves, 120 ◦C,
40–60 min, 74–98%; (ii) PhNCO, CH2Cl2, rt, 20 min, 93% (from 3a);
(iii) 2,2,2-trichloroethyl chloroformate, EtOAc–H2O, NaOH, 5–15 ◦C to
rt, 49% (from 3b·HCl); rt = room temperature.


and trituration with light petroleum. Notably, the use of hydrazines
either as the free base or the corresponding hydrochloride salt
seemed to have little effect on the yield of product (compare
entries 1–2 and 8–9). Subsequent derivatization, by reaction with
phenyl isocyanate in CH2Cl2 (Scheme 1, step ii) gave urea 4a, which
has been reported as a p38a inhibitor in its own right.8c For this
model urea, the yield using microwave dielectric heating (CH2Cl2,
80 ◦C, 30 min) was lower (79%) than the reaction under am-
bient conditions (93%). Alternatively, reaction of aminopyrazole
3b, employed as its hydrochloride salt, with 2,2,2-trichloroethyl
chloroformate8d in aqueous sodium hydroxide gave carbamate 4b
in 49% yield after rigorous purification by recrystallization, ready
for combination with a suitable aminonaphthol component.


Synthesis of the naphthalene scaffold of BIRB 796
(Scheme 2) was investigated using a combination of microwave-
mediated and traditional heating methods8d which were likewise


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 4158–4164 | 4159







Scheme 2 Reagents and conditions: (iv) NaOH, K2CO3, NMP, 100 ◦C,
2 h, 86%; (v) 10% Pd–C, HCO2NH4, EtOH, microwaves, 120 ◦C, 15 min,
96%; (vi) DMSO, microwaves, 100 ◦C, 30 min, 62%.


compared in terms of expediency and reaction efficiency
(Table 3). Base-catalyzed alkylation of 4-nitronaphth-1-ol with
(chloroethyl)morpholine in 1-methyl-2-pyrrolidinone (NMP) was
carried out with conductive heating at 100 ◦C for 2 h to give naph-
tholic ether 5 in 86% yield. Efforts to develop a robust and reliable
method for microwave-assisted alkylation (step iv) were hindered
by difficulties with the agitation of the NaOH/K2CO3/NMP re-
action mixture in the microwave synthesizer, the unreactivity of 4-
nitronaphth-1-ol and problems with vessel pressurization through


CO2 release in sealed tube experiments. All of these problems
were not overcome by the use of alternative bases and solvents
or open vessel microwave reactions and so the conductive heating
procedure was adopted as the method of choice for this step.
However, microwave-assisted transfer hydrogenation (step v) of
nitronaphthol 5 with Pd–C in the presence of ammonium formate
at 120 ◦C furnished 4-aminonaphthalene 6 in 96% yield after only
15 min (Scheme 2) and provided the product in much higher purity
than hydrogenation under ambient conditions (Table 3). Finally,
the naphthalene and pyrazole building blocks were coupled by
irradiating a mixture of amine 6 and trichloroethyl carbamate
4b in DMSO for 30 min at 100 ◦C to give the urea, BIRB 796,
with spectroscopic properties which agreed with published data.16


The yield for the microwave-assisted transformation (Table 3,
step vi) was notably higher than the reported conductive heating
procedure,8c and so this approach was adopted as the method of
choice.


The ability of BIRB 796 to inhibit the p38a signalling pathway
was tested using a cell based technique in telomerase-immortalized
WS cells.18 This assay utilizes the immuno-detection of activated
versions of p38a and its downstream signalling target HSP27
(Fig. 2). In control WS cells there was a low level of phosphorylated
p38a (pp38), associated with moderate phosphorylation levels of
its downstream target HSP27 (pHSP27) (lane 1). Treatment of
cells with anisomycin greatly increased the activation of p38a
causing an increase in pHSP27 levels (lane 2). BIRB 796 at 10 lM
prevented the anisomycin-induced activation of p38a, as indicated
by the much-reduced levels of pp38 and pHSP27 (lane 3). This


Fig. 2 Activation of p38a and its downstream target HSP27 in telo-
merase-immortalized WS cells treated with BIRB 796 or SB203580.


Table 3 The comparison of microwave irradiation and conductive heating for steps in the synthesis of N-pyrazole ureas and BIRB 796


Conductive heating Microwave irradiation


Step Conditionsa Yield% Conditions Yield%


i PhMe, reflux, 18 h 88 MeOH, 120 ◦C, 60 min 98
ii CH2Cl2, rt, 20 min 93 CH2Cl2, 80 ◦C, 30 min 79
iv NaOH, K2CO3, NMP, 100 ◦C, 2 h 86 NaOH, K2CO3, NMP, 100 ◦C, 1 h b


v Pd–C, H2, MeOH, rt, 24 h 85c Pd–C, HCO2NH4, EtOH, 120 ◦C, 15 min 96
vi DMSO, iPr2NEt, 60 ◦C, 3 h 24 DMSO, 100 ◦C, 30 min 62


a Conductive heating conditions (rt = room temperature) were based on published routes to BIRB 7968 (see for example reference 8c) and represent
standard procedures for comparison rather than identical thermal profiles (for probing microwave effects). b Incomplete reaction (see text). c The purity
of the product of hydrogenation under ambient conditions was notably poorer by 1H NMR spectroscopic analysis.
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prevention of p38a activation was expected as BIRB 796 is known
to stabilise p38a in a DFG-out mode that prevents the interaction
of p38a with its upstream activating kinases MKK3 and MKK6.17


As the level of pHSP27 is reduced in the BIRB 796-treated cells
compared to the control (compare lanes 1 and 3), BIRB 796 not
only prevents the anisomycin-induced activation of p38a, but also
the p38a activation that is believed to be caused by genomic stress
in the WS cells.18


In contrast, SB203580 at 10 lM inhibits p38a activity but
not its activation (lane 4). From these experiments, BIRB 796
is confirmed as an inhibitor of the p38a signalling pathway in this
cell-based system, thus validating its use in the investigation of
p38a induced accelerated ageing in WS.


Conclusions


Microwave heating has been employed to accelerate multiple
transformations in the rapid synthesis of BIRB 796, including
the condensation of hydrazines and b-ketonitriles, transfer hydro-
genation and urea formation. This p38a inhibitor shows promising
in vivo behaviour and inhibits cell signalling in telomerase-
immortalized WS cells. These observations support further study
to rescue the accelerated-replicative decline of WS cells by regular
treatment with BIRB 796. These experiments are now underway
and offer a promising opportunity for drug intervention in a
premature ageing syndrome.


Experimental


Commercially available reagents were used without further pu-
rification; solvents were dried by standard procedures. Light
petroleum refers to the fraction with bp 40–60 ◦C and ether refers
to diethyl ether. Unless otherwise stated, reactions were performed
under an atmosphere of dry nitrogen. Flash chromatography was
carried out using Merck Kieselgel 60 H silica or Matrex silica
60. Analytical thin layer chromatography was carried out using
aluminium-backed plates coated with Merck Kieselgel 60 GF254


that were visualised under UV light (at 254 and/or 360 nm).
Fully characterized compounds were chromatographically ho-


mogeneous. Melting points were determined on a Kofler hot stage
apparatus and are uncorrected. Infra-red spectra were recorded
in the range 4000–600 cm−1 on a Perkin-Elmer 1600 series FTIR
spectrometer using KBr disks for solid samples and thin films
between NaCl plates for liquid samples and are reported in cm−1.
NMR spectra were recorded using a Bruker DPX 400 instrument
or 500 Avance instrument operating at 400 MHz for 1H spectra
and 100 or 125 MHz for 13C spectra; J values were recorded in
Hz and multiplicities were expressed by the usual conventions.
Low resolution mass spectra were determined using a Fisons VG
Platform II Quadrupole instrument using atmospheric pressure
chemical ionization (APcI) unless otherwise stated. ES refers to
electrospray ionization, CI refers to chemical ionization (ammo-
nia) and EI refers to electron ionization. High resolution mass
spectra were obtained courtesy of the EPSRC Mass Spectrometry
Service at University College of Wales, Swansea, UK using the
ionization methods specified. Microanalyses were recorded using
a Perkin-Elmer 240C Elemental Analyzer.


Typical experimental procedure for the microwave-assisted
synthesis of aminopyrazoles 3


A solution of 4-tolylhydrazine hydrochloride (1b·HCl) (0.63 g,
4.0 mmol) and pivaloylacetonitrile (2a) (0.50 g, 4.0 mmol) in
MeOH (2 mL) was irradiated (without concurrent cooling in an
air stream) in a sealed tube at 120 ◦C for 40 min using a CEM
DiscoverTM single-mode microwave synthesizer, by moderating
the initial microwave power (100 W). After cooling in a stream
of compressed air, the solution was evaporated in vacuo and the
resulting crude mixture triturated with light petroleum to give
5-aminopyrazole 3b·HCl (0.96 g, 90%).


5-Amino-3-tert-butyl-1-phenyl-1H-pyrazole (3a). Compound
3a (1.68 g, 93%) was prepared according to the above procedure
using phenylhydrazine (1a) (0.83 mL, 8.4 mmol) and pivaloylace-
tonitrile (2a) (1.05 g, 8.4 mmol) and was obtained as a colourless
solid, mp 64–66 ◦C (light petroleum) (Found C, 72.1; H, 7.95; N,
19.3. Calc. for C13H17N3: C, 72.5; H, 7.95; N, 19.5%) (Found: MH+,
216.1496. C13H18N3 [MH+] requires 216.1495); mmax(KBr)/cm−1


3280, 3144, 2962, 1628, 1596, 1555, 1508, 1478, 1452, 1376, 1241,
988, 772, 700; dH(400 MHz; CD3OD) 7.50 (2H, m, 2′,6′-H), 7.38
(2H, m, 3′,5′-H), 7.23 (1H, m, 4′-H), 5.34 (1H, s, 4-H), 3.54 (2H,
br s, NH2), 1.12 (9H, s, CMe3); dC(125 MHz; CD3OD) 162.6 (C),
147.0 (C), 138.7 (C), 129.0 (CH), 127.0 (CH), 124.1 (CH), 86.7
(CH), 31.7 (C), 29.3 (Me); m/z 216 (MH+, 100%).


5-Amino-3-tert-butyl-1-phenyl-1H -pyrazole hydrochloride
(3a·HCl). Compound 3a·HCl (0.89 g, 89%) was prepared
according to the given procedure using phenylhydrazine
hydrochloride (1a·HCl) (0.58 g, 4.0 mmol) and was obtained as an
off-white solid, mp 156–157 ◦C (EtOAc) (Found: MH+, 216.1501.
C13H18N3 [MH+] requires 216.1495); mmax(KBr)/cm−1 3277, 3117,
2962, 2664, 2600, 1649, 1636, 1621, 1573, 1503, 1457, 1369, 1304,
1242, 1052; dH(400 MHz; CDCl3) 7.71 (3H, m, 2′,4′,6′-H), 7.62
(2H, m, 3′,5′-H), 4.92 (3H, br s, NH2 and 4-H), 1.41 (9H, s, CMe3);
dC(125 MHz; CDCl3) 161.1 (C), 151.9 (C), 132.7 (C), 130.9 (CH),
130.2 (CH), 126.4 (CH), 87.4 (CH), 31.6 (C), 28.3 (Me); m/z (ES)
216 (MH+, 100%).


5-Amino-3-tert-butyl-1-p-tolyl-1H -pyrazole hydrochloride
(3b·HCl). Compound 3b·HCl (0.96 g, 90%) was obtained as
an off-white solid, mp 116–119 ◦C (light petroleum–MeOH)
(Found: MH+, 230.1653. C14H20N3 [MH+] requires 230.1652);
mmax(KBr)/cm−1 3464, 3280, 3139, 2952, 1634, 1558, 1518, 1490,
1381, 1245; dH(400 MHz; CDCl3) 7.44 (2H, d, J 8.3, 2′,6′-H), 7.26
(2H, d, J 8.3, 3′,5′-H), 5.53 (1H, s, 4-H), 3.72 (2H, br s, NH2),
2.39 (3H, s, Me), 1.33 (9H, s, CMe3); dC(125 MHz; CDCl3) 162.1
(C), 144.8 (C), 136.9 (C), 136.3 (C), 129.9 (CH), 124.1 (CH), 87.4
(CH), 32.3 (C), 30.4 (Me), 21.1 (Me); m/z 230 (MH+, 100%).


5-Amino-3-tert-butyl-1H-pyrazole (3c). Compound 3c (0.54 g,
97%) was prepared according to the given procedure using
hydrazine monohydrate (1c·H2O) (0.20 mL, 4.1 mmol) and was
obtained as a light orange solid, mp 78–79 ◦C (light petroleum–
MeOH) (lit.,19 80 ◦C) (Found: MH+, 140.1181. C7H14N3 [MH+]
requires 140.1182); mmax(KBr)/cm−1 3327, 1591, 1504, 1364, 1318,
1242, 1206, 1128, 1090, 984; dH(400 MHz; CDCl3) 5.26 (1H, s,
4-H), 3.29 (2H, s, NH2), 1.08 (9H, s, CMe3); dC(125 MHz; CDCl3)
155.1 (C), 154.0 (C), 89.35 (CH), 31.04 (C), 30.1 (Me); m/z (ES)
140 (MH+, 100%).
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5-Amino-3-tert-butyl-1-methyl-1H-pyrazole (3d). Compound
3d (0.55 g, 91%) was prepared according to the given procedure us-
ing methylhydrazine (1a) (0.21 mL, 3.9 mmol) and was obtained as
a colourless solid, mp 156–157 ◦C (light petroleum) (Found: MH+,
154.1340. C8H16N3 [MH+] requires 154.1339); mmax(KBr)/cm−1


2964, 1628, 1560, 1418, 1382, 1360, 1255; dH(400 MHz; CDCl3)
5.34 (1H, s, 4-H), 3.56 (3H, s, Me), 3.47 (2H, br s, NH2), 1.20
(9H, s, CMe3); dC(125 MHz; CDCl3) 160.6 (C), 144.5 (C), 87.5
(CH), 34.0 (Me), 32.0 (C), 30.9 (Me); m/z 154 (MH+, 100%).


5-Amino-1,3-diphenyl-1H-pyrazole (3e). Compound 3e (0.75 g,
80%) was prepared according to the given procedure using
phenylhydrazine (1a) (0.39 mL, 4.0 mmol) and benzoylacetonitrile
(2b) (0.58 g, 4.0 mmol) and was obtained as a light brown solid,
mp 128–129 ◦C (light petroleum–EtOAc) (lit.,20 129–130 ◦C)
(Found: MH+, 236.1183. C15H14N3 [MH+] requires 236.1182);
mmax(KBr)/cm−1 3308, 3208, 3046, 1633, 1596, 1560, 1503, 1463,
1375, 1068, 950, 918, 751; dH(400 MHz; CDCl3) 7.74 (2H, m, 2,6-
PhH), 7.56 (2H, m, N-2,6-PhH), 7.42 (2H, m, N-3,5-PhH), 7.31
(2H, m, 3,5-PhH), 7.28 (1H, m, N-4-PhH), 7.23 (1H, m, 4-PhH),
5.76 (1H, s, 4-H); dC(125 MHz; CDCl3) 151.5 (C), 145.9 (C), 138.7
(C), 133.5 (C), 129.5 (CH), 128.5 (CH), 127.8 (CH), 127.5 (CH),
125.7 (CH), 124.2 (CH), 88.2 (CH); m/z (ES) 236 (MH+, 100%).


5-Amino-1,3-diphenyl-1H-pyrazole hydrochloride (3e·HCl).
Compound 3e·HCl (0.95 g, 88%) was prepared according to the
given procedure using phenylhydrazine hydrochloride (1a·HCl)
(0.58 g, 4.0 mmol) and benzoylacetonitrile (2b) (0.58 g, 4.0 mmol)
and was obtained as a colourless solid, mp 145–147 ◦C (EtOAc)
(Found: MH+, 236.1185. C15H14N3 [MH+] requires 236.1182);
mmax(KBr)/cm−1 3246, 3100, 1634, 1574, 1510, 1289, 1103, 946,
918; dH(400 MHz; CDCl3) 7.89 (2H, m, 2,6-PhH), 7.58 (2H, m,
N-2,6-PhH), 7.53 (2H, m, N-3,5-PhH), 7.47 (2H, m, 3,5-PhH),
7.41 (1H, m, N-4-PhH), 7.39 (1H, m, 4-PhH), 6.09 (1H, s, 4-H);
dC(125 MHz; CDCl3) 150.6 (C), 149.1 (C), 140.9 (C), 137.8 (C),
134.7 (CH), 130.7 (CH), 129.4 (CH), 128.9 (CH), 127.4 (CH),
125.6 (CH), 89.5 (CH); m/z (ES) 236 (MH+, 100%).


5-Amino-3-phenyl-1-p-tolyl-1H -pyrazole21 hydrochloride
(3f·HCl). Compound 3f·HCl (0.81 g, 74%) was prepared
according to the given procedure using benzoylacetonitrile (2b)
(0.58 g, 4.0 mmol) and was obtained as a brown solid, mp
66–67 ◦C (Found: MH+, 250.1340. C16H16N3 [MH+] requires
250.1344); mmax(KBr)/cm−1 3283, 3150, 1650, 1635, 1620, 1558,
1515, 1459, 1374, 1312, 1281, 1025, 814, 758; dH(400 MHz;
CD3OD) 7.78 (2H, m, 2,6-PhH), 7.54–7.43 (8H), 2.47 (3H, s,
Me); dC(125 MHz; CDCl3) 150.8 (C), 150.3 (C), 140.3 (C), 134.1
(C), 132.2 (C), 130.4 (CH), 129.9 (CH), 128.8 (CH), 126.1 (CH),
125.5 (CH), 87.8 (CH), 19.9 (Me); m/z 250 (MH+, 100%).


5-Amino-3-phenyl-1H-pyrazole (3g). Compound 3g (0.75 g,
80%) was prepared according to the given procedure using
hydrazine monohydrate (1c·H2O) (0.20 mL, 4.1 mmol) and
benzoylacetonitrile (2b) (0.58 g, 4.0 mmol) and was obtained as a
light brown solid, mp 94–95 ◦C (light petroleum) (Found: MH+,
160.0868. C9H10N3 [MH+] requires 160.0869); mmax(KBr)/cm−1


3171, 1651, 1516, 1102, 1072, 1008, 956; dH(400 MHz; CD3OD)
7.65 (2H, d, J 7.5, 2′,6′-H), 7.40 (2H, m, 3′,5′-H), 7.33 (1H, m,
4′-H), 5.95 (1H, s, 4-H); dC(125 MHz; CD3OD) 154.3 (C), 145.7
(C), 130.3 (C), 128.9 (CH), 128.3 (CH), 125.4 (CH), 90.4 (CH);
m/z 160 (MH+, 100%).


5-Amino-3-phenyl-1-methyl-1H-pyrazole (3h). Compound 3h
(0.60 g, 89%) was prepared according to the given procedure using
methylhydrazine (1a) (0.21 mL, 3.9 mmol) and benzoylacetonitrile
(2b) (0.58 g, 4.0 mmol) and was obtained as an off-white solid,
mp 128–130 ◦C (EtOAc) (lit.,22 129 ◦C) (Found: MH+, 174.1023.
C10H12N3 [MH+] requires 174.1026); mmax(KBr)/cm−1 3420, 3151,
1623, 1562, 1511, 1446, 1373, 1270, 1025, 959, 908; dH(400 MHz;
CDCl3) 7.75 (2H, m, 2′,6′-H), 7.39 (2H, m, 3′,5′-H), 7.29 (1H, m,
4′-H), 5.88 (1H, s, 4-H), 3.73 (3H, s, Me), 3.48 (2H, br s, NH2);
dC(125 MHz; CDCl3) 149.7 (C), 145.6 (C), 133.9 (C), 128.5 (CH),
127.5 (CH), 125.3 (CH), 88.6 (CH), 34.4 (Me); m/z 174 (MH+,
100%).


5-Amino-3-phenyl-1-tert-butyl-1H -pyrazole hydrochloride
(3i·HCl). Compound 3i·HCl (0.94 g, 94%) was prepared
according to the given procedure using tert-butylhydrazine
hydrochloride (1e·HCl) (0.50 g, 4.0 mmol) and benzoylacetonitrile
(2b) (0.58 g, 4.0 mmol) and was obtained as an orange oil (Found:
MH+, 216.1496. C13H18N3 [MH+] requires 216.1495); dH(400 MHz;
CDCl3) 7.92 (2H, m, 2′,6′-H), 7.66 (1H, m, 4′-H), 7.52 (2H, m,
3′,5′-H), 6.28 (1H, s, 4-H), 1.47 (9H, s, CMe3); dC(125 MHz;
CDCl3) 152.4 (C), 149.8 (C), 130.8 (C), 129.2 (CH), 128.7 (CH),
127.9 (CH), 93.5 (CH), 31.42 (C), 28.7 (Me); m/z 216 (MH+,
100%), 160 (95), 129 (43).


1-(3-tert-Butyl-1-phenyl-1H-pyrazol-5-yl)-3-phenylurea (4a)


Phenyl isocyanate (0.33 mL, 3.0 mmol) was added to a stirred
solution of 5-aminopyrazole 1a (0.65 g, 3.0 mmol) in CH2Cl2


(6 mL). The mixture was stirred for 20 min and evaporated in vacuo.
After triturating with EtOAc–light petroleum (1 : 1), purification
by recrystallization (MeOH) gave the title compound (0.93 g, 93%)
as colourless crystals, mp 197–200 ◦C (MeOH) (lit.,8c 211 ◦C)
(Found C, 71.7; H, 6.65; N, 16.6. Calc. for C20H22N4O: C, 71.8;
H, 6.65; N, 16.8%) (Found: MH+, 335.1863. C20H23N4O [MH+]
requires 335.1866); mmax(KBr)/cm−1 3380, 3278, 3141, 3082, 2957,
2865, 1665, 1599, 1550, 1500, 1449, 1372, 1312, 1224; dH(400 MHz;
CD3OD) 7.61–7.48 (5H, PhH), 7.37 (2H, m, N-2,6-PhH), 7.28
(2H, m, N-3,5-PhH), 7.04 (1H, m, N-4-PhH), 6.68 (1H, s, 4′-H),
1.36 (9H, s, CMe3); dC(100 MHz; CD3OD) 162.3 (C), 152.7 (C),
138.6 (C), 138.0 (C), 137.5 (C), 129.2 (CH), 128.5 (CH), 128.2
(CH), 125.6 (CH), 122.8 (CH), 118.9 (CH), 95.1 (CH), 31.9 (C),
29.4 (Me); m/z 335 (MH+, 100%), 216 (47).


5-(2,2,2-Trichloroethoxycarbonyl)amino-3-tert-butyl-1-p-tolyl-
1H-pyrazole (4b)


A mixture of 5-amino-3-tert-butyl-1-p-tolylpyrazole hydrochlo-
ride (3b·HCl) (3.0 g, 11.3 mmol), water (15 mL), EtOAc (30 mL)
and NaOH (1.14 g, 28.5 mmol) was stirred at 0 ◦C for 30 min.
2,2,2-Trichloroethyl chloroformate (3.89 g, 18.4 mmol) was added
over a period of 1 h at this temperature and then the mixture
was stirred at RT for 2 h. The organic layer was decanted
and the aqueous layer further extracted with EtOAc (2 ×
20 ml). The combined organic layers were washed with brine
(20 mL), dried (Na2SO4) and evaporated in vacuo to give the
title compound (2.41 g, 47%) as a colourless solid, mp 151–
153 ◦C (heptane) (Found: MH+, 404.0694. C17H21


35Cl3N3O2 [MH+]
requires 404.0694); mmax(KBr)/cm−1 3126, 2964, 1749, 1598, 1521,
1464, 1364, 1228; dH(400 MHz; CDCl3) 7.36 (2H, d, J 8.3, 2′,6′-H),
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7.31 (2H, d, J 8.3, 3′,5′-H), 6.94 (1H, br s, NH), 6.42 (1H, s,
4-H), 4.82 (2H, s, CH2), 2.43 (3H, s, Me), 1.36 (9H, s, CMe3);
dC(125 MHz; CDCl3) 162.2 (C), 151.0 (C), 138.3 (C), 135.4 (C),
134.8 (C), 130.3 (CH), 124.9 (CH), 95.1 (CH), 94.9 (C), 74.8 (CH2),
32.4 (C), 30.4 (Me), 21.2 (Me); m/z 408 (M[35Cl37Cl2]H+, 35%), 406
(M[35Cl2


37Cl]H+, 98), 404 (M[35Cl3]H+, 96), 230 (100), 149 (18).


4-Nitro-1-(2-morpholinethoxy)naphthalene (5)


A mixture of 4-nitro-1-hydroxynaphthalene (3.00 g, 15.9 mmol),
4-(2-chloroethyl)morpholine hydrochloride (4.13 g, 22.2 mmol),
NaOH (0.89 g, 22.2 mmol), K2CO3 (5.27 g, 38.2 mmol) and 1-
methyl-2-pyrrolidinone (20 mL) was stirred at 100 ◦C for 2 h.
After cooling to 5 ◦C, the mixture was stood at this temperature
for 4 h and then filtered to give the title compound (4.13 g,
86%) as a brown solid, mp 98–99 ◦C (EtOH) (Found: MH+,
303.1342. C16H19N2O4 [MH+] requires 303.1345); mmax(KBr)/cm−1


2951, 2858, 2792, 1648, 1569, 1503, 1450, 1423, 1311, 1265, 1139,
1106, 1079, 1000; dH(400 MHz; CD3OD) 8.72 (1H, d, J 8.5, 5-H
or 8-H), 8.34 (1H, d, J 8.7, 3-H), 8.29 (1H, d, J 8.5, 8-H or 5-H),
7.69 (1H, m, 6-H or 7-H), 7.54 (1H, m, 7-H or 6-H), 6.76 (2H, d,
J 8.7, 2-H), 4.49 (2H, m, 1′-H), 3.76 (4H, m, 2′′,6′′-H), 3.04 (2H,
m, 2′-H), 2.71 (4H, m, 3′′,5′′-H); dC(125 MHz; CD3OD) 159.6 (C),
139.2 (C), 130.1 (CH), 127.2 (CH), 126.9 (C), 126.6 (CH), 125.6
(C), 123.5 (CH), 122.7 (CH), 102.7 (CH), 67.3 (CH2), 67.0 (CH2),
57.3 (CH2), 54.1 (CH2); m/z 303 (MH+, 100%).


4-Amino-1-(2-morpholinethoxy)naphthalene (6)


A mixture of 4-nitro-1-(2-morpholinethoxy)naphthalene (5)
(0.30 g, 0.99 mmol), ammonium formate (0.38 g, 6.0 mmol), EtOH
(4 mL) and Pd–C (10%; 50 mg) was irradiated (without concurrent
cooling in an air stream) in a sealed tube at 100 ◦C for 15 min
using a CEM DiscoverTM single-mode microwave synthesizer, by
moderating the initial microwave power (120 W). After cooling in a
stream of compressed air, the mixture was filtered through Celite R©


and evaporated in vacuo to give the title compound (0.26 g, 96%)
as a purple residue, which was used without further purification
(Found: MH+, 273.1599. C16H21N2O2 [MH+] requires 273.1598);
mmax(KBr)/cm−1 3418, 2939, 1651, 1458, 1397, 1284, 1246, 1063,
984, 920; dH(400 MHz; CD3OD) 8.52 (1H, d, J 8.5, 5-H or 8-H),
8.01 (1H, d, J 8.5, 8-H or 5-H), 7.82 (1H, m, 6-H or 7-H), 7.75
(1H, m, 7-H or 6-H), 7.62 (1H, d, J 8.3, 3-H), 7.13 (1H, d, J 8.3,
2-H), 4.19 (2H, m, 1′-H), 3.70 (4H, m, 2′′,6′′-H), 2.84 (2H, m, 2′-
H), 2.60 (4H, m, 3′′,5′′-H); dC(125 MHz; CD3OD) 144.2 (C), 131.6
(C), 122.4 (C), 121.7 (CH), 121.4 (CH), 121.1 (C), 188.6 (CH),
177.1 (CH), 105.8 (CH), 102.1 (CH), 63.0 (CH2), 57.7 (CH2), 34.6
(CH2), 30.2 (CH2); m/z 273 (MH+, 100%), 132 (30).


1-[3-tert-Butyl-1-p-tolyl-1H-pyrazol-5-yl]-3-[4-(2-morphol-in-4-
yl-ethoxy)naphthalen-1-yl]urea (BIRB 796)


A solution of 5-(2,2,2-trichloroethoxycarbonyl)amino-3-tert-
butyl-1-p-tolylpyrazole (4b) (83 mg, 0.21 mmol) and 4-amino-1-(2-
morpholinethoxy)naphthalene (6) (56 mg, 0.21 mmol) in DMSO
(3 mL) was irradiated (without concurrent cooling in an air stream)
in a sealed tube at 100 ◦C for 30 min using a CEM DiscoverTM


single-mode microwave synthesizer, by moderating the initial
microwave power (100 W). After cooling in a stream of compressed
air, the mixture was partitioned between EtOAc (10 mL) and water


(10 mL). The organic layer was washed successively with water
(3 × 10 mL) and brine (10 mL), dried (Na2SO4) and evaporated
in vacuo. Purification by column chromatography on silica, eluting
with EtOAc, gave the title compound (67 mg, 62%) as an off-white
solid, mp 117–119 ◦C (light petroleum–MeOH–EtOAc) (lit.,8c


142–143 ◦C) (Found: MH+, 528.2970. C31H38N5O3 [MH+] requires
528.2969); mmax(KBr)/cm−1 3302, 2959, 1654, 1545, 1516, 1458,
1376, 1262, 1093, 820; dH(400 MHz; CDCl3) 8.19 (1H, m, 5-H),
7.77 (1H, m, 8-H), 7.47 (2H, 7,6-H), 7.26 (1H, d, J 8.1, 2-H), 6.90
(2H, m, 2,6-PhH), 6.87 (2H, m, 3,5-PhH), 6.63 (1H, d, J 8.1, 3-H),
6.43 (1H, br s, N′H), 6.37 (1H, s, 4-pyzH), 6.30 (1H, br s, NH), 4.28
(2H, m, 1′-H), 3.75 (4H, m, 2′′,6′′-H), 3.00 (2H, m, 2′-H), 2.71 (4H,
m, 3′′,5′′-H) 2.22 (3H, s, Me), 1.26 (9H, s, CMe3); dC(125 MHz;
CDCl3) 185.5 (C), 170.9 (C), 162.2 (C), 153.6 (C), 137.3 (C), 136.1
(C), 135.5 (C), 130.0 (C), 129.8 (CH), 127.5 (CH), 126.0 (CH),
124.2 (CH), 122.38 (CH), 122.36 (CH), 122.1 (CH), 122.0 (CH),
104.2 (CH), 73.9 (C), 57.3 (CH2), 53.8 (CH2), 50.7 (CH2), 45.5
(CH2), 32.4 (C), 30.35 (Me), 21.1 (Me); m/z 528 (MH+, 100%),
273 (20), 230 (100), 188 (30).


Immuno-detection of activated p38a and its downstream target
HSP27 in telomerase-immortalized WS cells treated with
SB203580 or BIRB 796


The ability of BIRB 796 to inhibit the p38a signalling pathway was
tested using a cell based technique involving the immuno-detection
of activated versions of p38a and its downstream signalling target
HSP27. The cells used were telomerase-immortalized WS cells
that, despite being immortalized, maintain activation of the p38a
pathway. WS cells in dishes were pre-incubated at 37 ◦C for 2 h in
growth medium supplemented with either SB203580 or BIRB 796
at 10 lM. Then anisoymcin was added to the medium at 30 lM
and the cells harvested 45 min later. In this system, the p38a
pathway is induced by treatment of WS cells with anisomycin,
and p38a activation is detected using antibodies specific for the
activated (phosphorylated) forms of p38aand HSP27 immobilized
on Western blots. Cells were harvested, proteins isolated, sepa-
rated on polyacrylamide gels, and immunoblotted as previously
described.14 P38a and HSP27 were detected using antibodies
against the activated (phosphorylated) and non-activated forms
of the proteins.14


Acknowledgements


We thank the BBSRC (BB/D524140), EPSRC (GR/S25456; DTA
award to CSW) and SPARC for support of this work, CEM
(Microwave Technology) Ltd, Chris Mason and Robert L. Jenkins
for valuable assistance and the EPSRC Mass Spectrometry Service
at the University of Wales, Swansea UK for mass spectra.


References


1 J. C. Lee, J. T. Laydon, P. C. McDonnell, T. F. Gallagher, S. Kumar, D.
Green, D. McNulty, M. J. Blumenthal, J. R. Heyes and S. W. Landvatter,
Nature, 1994, 372, 739.


2 G. L. Schieven, Curr. Top. Med. Chem., 2005, 5, 921.
3 J. Han, J. D. Lee, Y. Jiang, Z. Li, L. Feng and R. J. Ulevitch, J. Biol.


Chem., 1996, 271, 2886.
4 (a) C. Dominguez, N. Tamayo and D. Zhang, Expert Opin. Ther. Pat.,


2005, 15, 801; (b) M. A. Palladino, F. R. Bahjat, E. A. Theodorakis
and L. L. Moldawer, Nat. Rev. Drug Discovery, 2003, 2, 736.


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 4158–4164 | 4163







5 D. J. Diller, T. H. Lin and A. Metzger, Curr. Top. Med. Chem., 2005, 5,
953.


6 D. M. Goldstein and T. Gabriel, Curr. Top. Med. Chem., 2005, 5, 1017.
7 (a) S. T. Wrobleski and A. M. Doweyko, Curr. Top. Med. Chem., 2005,


5, 1005; (b) M. R. Lee and C. Dominguez, Curr. Med. Chem., 2005, 12,
2979.


8 (a) Y. Kuma, G. Sabio, J. Bain, N. Shpiro, R. Márquez and A. Cuenda,
J. Biol. Chem., 2005, 280, 19472; (b) C. A. Pargellis, L. Tong, L.
Churchill, P. Cirillo, T. Gilmore, A. G. Graham, P. M. Grob, E. R.
Hickey, N. Moss, S. Pav and J. Regan, Nat. Struct. Biol., 2002, 9, 268;
(c) J. Regan, S. Breitfelder, P. Cirillo, T. Gilmore, A. G. Graham, E.
Hickey, B. Klaus, J. Madwed, M. Moriak, N. Moss, C. Pargellis, S.
Pav, A. Proto, A. Swinamer, L. Tong and C. Torcellini, J. Med. Chem.,
2002, 45, 2994; (d) L.-H. Zhang and L. Zhu, PCT Int. Appl., 2001, WO
2001004115, A2.


9 S. Schreiber, B. Feagan, G. D’Haens, J.-F. Colombel, K. Geboes, M.
Yurcov, V. Isakov, O. Golovenko, C. N. Bernstein, D. Ludwig, T. Winter,
U. Meier, C. Yong and J. Steffgen, Clin. Gastroenterol. Hepatol., 2006,
4, 325.


10 J. Regan, C. A. Pargellis, P. F. Cirillo, T. Gilmore, E. R. Hickey, G. W.
Peet, A. Proto, A. Swinamer and N. Moss, Bioorg. Med. Chem. Lett.,
2003, 13, 3101.


11 G. M. Martin, J. Oshima, M. D. Gray and M. Poot, J. Am. Geriatr.
Soc., 1999, 47, 1136.


12 C.-E. Yu, J. Oshima, Y.-H. Fu, E. M. Wijsman, F. Hisama, R. Alisch,
S. Matthews, J. Nakura, T. Miki, S. Ouais, G. M. Martin, J. Mulligan
and G. D. Schellenberg, Science, 1996, 272, 258.


13 D. Kipling, T. Davis, E. L. Ostler and R. G. Faragher, Science, 2004,
305, 1426.


14 T. Davis, D. M. Baird, M. F. Haughton, C. J. Jones and D. Kipling,
J. Gerontol., 2005, 60A, 1386.


15 M. C. Bagley and M. C. Lubinu, Synthesis, 2006, 1283; M. C. Bagley,
R. L. Jenkins, M. C. Lubinu, C. Mason and R. Wood, J. Org. Chem.,
2005, 70, 7003; M. C. Bagley, D. D. Hughes, M. C. Lubinu, E. A.
Merritt, P. H. Taylor and N. C. O. Tomkinson, QSAR Comb. Sci.,
2004, 23, 859; M. C. Bagley, D. D. Hughes and P. H. Taylor, Synlett,
2003, 259; M. C. Bagley, R. Lunn and X. Xiong, Tetrahedron Lett.,
2002, 43, 8331.


16 dH(270 MHz; CDCl3) 8.3 (1H, m), 7.81 (1H, m), 7.55 (2H, m), 7.3 (1H,
d), 6.95 (3H, m), 6.68 (1H, d), 6.6 (1H, br s), 6.48 (1H, br s), 6.41 (1H,
s), 4.28 (2H, t), 3.75 (4H, m), 2.95 (2H, t), 2.66 (4H, m) 2.28 (3H, s),
1.33 (9H, s), as described in reference 8c. This reported spectrum is in
excellent agreement with our data.


17 J. E. Sullivan, G. A. Holdgate, D. Campbell, D. Timms, S. Gerhardt,
J. Breed, A. L. Breeze, A. Bermingham, R. A. Pauptit, R. A. Norman,
K. J. Embrey, J. Read, W. S. VanScyoc and W. H. J. Ward, Biochemistry,
2005, 44, 16475.


18 T. Davis, M. F. Haughton, C. J. Jones and D. Kipling, Ann. N. Y. Acad.
Sci., 2006, 1067, 243.


19 W. L. Magee, C. B. Rao, J. Glinka, H. Hui, T. J. Amick, D. Fiscus,
S. Kakodkar, M. Nair and H. Shechter, J. Org. Chem., 1987, 52,
5538.


20 J. C. Antilla, J. M. Baskin, T. E. Barder and S. L. Buchwald, J. Org.
Chem., 2004, 69, 5578.


21 A. Simay, K. Takacs, K. Horvath and P. Dvortsak, Acta Chim. Acad.
Sci. Hung., 1980, 105, 127.


22 N. L. Nam, I. I. Grandberg and V. I. Sorokin, Chem. Heterocycl.
Compd., 2003, 39, 937.


4164 | Org. Biomol. Chem., 2006, 4, 4158–4164 This journal is © The Royal Society of Chemistry 2006








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


Kinetic and mechanistic studies of allicin as an antioxidant


Youji Okada,a Kaoru Tanaka,b Eisuke Satoc and Haruo Okajima*a


Received 9th August 2006, Accepted 18th September 2006
First published as an Advance Article on the web 4th October 2006
DOI: 10.1039/b611506c


We have undertaken a detailed study of the antioxidant activity of allicin, one of the main thiosulfinates
in garlic, in order to obtain quantitative information on it as a chain-breaking antioxidant. The
antioxidant actions of allicin against the oxidation of cumene and methyl linoleate (ML) in
chlorobenzene were studied in detail using HPLC. The hydroperoxides formed during the course of the
inhibited oxidation of ML were analyzed as their corresponding alcohols by HPLC, and it is apparent
that an allylic hydrogen atom of the allicin is responsible for the antioxidant activity. Furthermore, it is
clear that the radical-scavenging reactions of allicin proceed via a one-step hydrogen atom transfer
based on the results of the reaction with 2,2-diphenyl-1-picrylhydrazyl (DPPH) in the presence of Mg2+


and calculation of the ionization potential value. In addition, we determined the stoichiometric factor
(n), the number of peroxyl radicals trapped by one antioxidant molecule, of allicin by measuring the
reactivity toward DPPH in chlorobenzene, and the value of n for allicin was about 1.0. Therefore, we
measured the rate constants, kinh, for the reaction of allicin with peroxyl radicals during the induction
period of the cumene and the ML oxidation. As a result, we found that allicin reacts with peroxyl
radicals derived from cumene and ML with the rate constants kinh = 2.6 × 103 M−1s−1 and 1.6 ×
105 M−1s−1 in chlorobenzene, respectively. Our results demonstrate for the first time reliable quantitative
kinetic data and the antioxidative mechanism of allicin as an antioxidant.


Introduction


Garlic has been used for centuries as a medicinal herb.1 It has
been cultivated in the Middle East for more than 5000 years and
has been an important part of traditional Chinese medicine.2–4 In
addition, it has been traditionally used around the world to treat
many conditions, including parasites, respiratory problems, poor
digestion, and low energy.5–8


It is generally accepted that the oxidative modification of low
density lipoproteins (LDL) is a key initial event in the progression
of atherosclerosis which eventually causes coronary heart disease
and cerebral hemorrhage. Animal studies have shown that an an-
tioxidant suppresses atherosclerosis, and epidemiological studies
suggest that a high intake of vitamin E reduces the risk of coronary
heart disease.9 The role of vitamin E as an antioxidant is well
known and this property is due to scavenging of the chain-carrying
peroxyl radicals of the substrate by transfer of the hydroxylic
hydrogen atom to produce the corresponding hydroperoxides.10


It has also been shown that garlic extracts can scavenge some
radicals and prevent lipid peroxidation.11–20 In particular, allicin,
one of the main thiosulfinates in garlic, prevents lipid peroxidation
and was found to be an effective antioxidant.21 Furthermore,
thiosulfinates are reported to be extremely reactive toward protein
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thiols and inhibit the oxidation of many essential proteins in vitro.22


Thus, the role of garlic as an antioxidant has received much
attention.


We recently reported that garlic extracts are capable of inhibiting
methyl linoleate (ML) oxidation induced by a radical initiator
in acetonitrile solution, and its antioxidant property is mostly
due to the presence of allicin. Moreover, it was found that the
combination of the allyl group (–CH2CH=CH2) and the –S(O)S–
group is necessary for the antioxidant action of allicin.23 Based
on these described results, it is therefore important to evaluate the
antioxidant activity of allicin in relation to the type of antioxidant
and mechanism. The mechanisms of lipid peroxidation have been
well documented. The peroxyl radicals, particularly, are some of
the most important radicals to act as a chain-carrying species
during lipid peroxidation because they are the target for the
antioxidant that effectively inhibits the oxidation.24 However,
the mechanisms of allicin as an antioxidant have not yet been
recognized, and no kinetic data have been reported regarding the
reactivity of allicin toward peroxyl radicals. Therefore, we have
undertaken the study of the antioxidative mechanism of allicin
and determination of the rate constants for the reaction of allicin
with peroxyl radicals on the oxidation of cumene and ML in
chlorobenzene, respectively.


Experimental


Materials


ML was obtained from the Sigma Chemical Co. (St. Louis, MO,
USA) and purified on a silica-gel column before use. a-Tocopherol
(a-toc) was from the Kanto Chemical Co. (Tokyo, Japan)
and used without purification. 2,2′-Azobis(isobutyronitrile)
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(AIBN), chlorobenzene, 1,1-diphenyl-2-picrylhydrazyl (DPPH),
and cumene were purchased from Wako Pure Chemical Industries
(Osaka, Japan). AIBN was recrystallized from methanol, and
cumene was purified on a silica-gel column before use. All other
reagents were of the highest grade commercially available.


Preparation of allicin from garlic slices


Allicin was extracted from garlic slices using supercritical fluid
extraction with CO2 according to the method of Rybak et al.25 and
purified by preparative HPLC using a UV detector at 254 nm with
C18 column (10 mL min−1 methanol + 80% H2O to methanol + 45%
H2O, Waters, lBondapakTM 10 lm 300 × 19 mm column). Allicin
was identified by comparing its mass spectrum with that reported
by Calvey et al.26; MS m/z 163 (MH+, 11%), 73 (CH2=CH–CH2–
S+, 100) and 41 (25). A Micromass ZQ mass spectrometer (Waters,
MA, USA) equipped with an atmospheric pressure chemical
ionization (APCI) source was used in the positive ionization
mode. The mass ionization conditions were as follows: desolvation
temperature, 400 ◦C; source temperature, 120 ◦C; cone voltage, 9 V;
and desolvation gas flow, 160 L h−1.


Inhibitory effect of allicin on cumene and ML oxidation in
chlorobenzene solution


In a typical experiment, cumene (5.35 M) or ML (91 mM) in
chlorobenzene in the presence of an appropriate amount of allicin
was incubated at 30 ◦C in air. A solution of AIBN (23 mM for
cumene and 40 mM for ML) in chlorobenzene was added to
this reaction mixture. The rates of the substrates oxidation were
followed by measuring the peroxides generated from each substrate
using reverse phase HPLC (0.3 mL min−1 methanol + 15% water,
Shiseido CAPCELLPAK C18 5 lm 3.0 × 150 mm column) and
the peaks were detected at 260 nm for cumene hydroperoxide
(CHP) and at 234 nm for ML hydroperoxide (MLOOH). The
consumption of allicin, at the same time, was analyzed using C18


HPLC with a UV detector at 254 nm.


Reactivity of allicin toward DPPH


DPPH (50 lM) and allicin (50 lM) were dissolved in chloroben-
zene at 30 ◦C. The rates of the DPPH-scavenging reactions of
allicin was monitored at 517 nm by a spectrophotometer. In the
same way DPPH (48 lM) and allicin (48 lM) were dissolved in
methanol in the presence of Mg(ClO4)2 (0.2 M) and monitored at
516 nm by a spectrophotometer.


Reactivity of allicin toward ML hydroperoxide


MLOOH was prepared by the autoxidation of ML at room
temperature and purified on a silica-gel column. MLOOH (50 lM)
was dissolved in chlorobenzene in the presence of ML (91 mM) and
allicin (50 lM) at 30 ◦C. The amount of MLOOH was determined
by HPLC using a C18 column (0.4 mL min−1 methanol + 10% H2O,
Shiseido CAPCELLPAK 5 lm 150 × 3.0 mm column) with a UV
detector (234 nm).


Analysis of MLOOH isomers


The oxidation of ML (91 mM) was performed in chlorobenzene
with AIBN (40 mM) in the presence of allicin (50 lM) at 30 ◦C


in air. Samples (0.5 mL) were withdrawn from the mixture at
known intervals during the induction period and were immediately
reduced to ML hydroxides (MLOH) by adding 1.0 mL of 2 mM
triphenylphosphine in chlorobenzene to this sample. The analysis
was performed using silica-gel HPLC (1.0 mL min−1 n-hexane +
1.0% 2-propanol, Supelco SUPELCOSIL LC–Si 5 lm 250 ×
4.6 mm column) and the peaks were detected at 234 nm.


Calculation of ionization potential (IP) values


The calculation of the IP value of allicin and a-toc were performed
by the Gaussian 03 program (Gaussian, Inc., Carnegie, PA, USA)27


as follows: the geometry optimization and determination of
vibrational frequencies were performed using the HF/6-31G(d).28


The single-point electronic energies were obtained by B3LYP/6-
31G(d).


Results and discussion


Cumene and ML oxidation in chlorobenzene solution


In our previous paper,23 we reported that allicin is capable of
scavenging peroxyl radicals and inhibiting the ML oxidation
induced by radical initiator in an acetonitrile solution. Therefore,
we have undertaken a detailed study of the antioxidant activity
of allicin in order to obtain quantitative information as a chain-
breaking antioxidant.


Burton et al.29 and Chepelev et al.30 reported that the autoxida-
tion of a substrate, such as ML, cumene, and styrene, initiated by
AIBN in chlorobenzene, has certain advantages for determining
the rate constants for peroxyl radical trapping by antioxidants. For
example, the slow thermal decomposition of AIBN, followed by
the very rapid reactions of the formed peroxyl radicals, ensures a
controlled rate of chain initiation (Ri) throughout the experiments.
In fact, this is a very important requirement for such quantitative
studies. We consequently decided to investigate the antioxidant
activity of allicin against the oxidation of cumene and ML in
chlorobenzene using HPLC.


Fig. 1 shows a plot of the CHP during the initiated oxidation
of cumene in chlorobenzene in the presence of allicin. Allicin
produced a well-defined induction period in the cumene oxidation.
Moreover, the rate of oxidation after the induction period was
almost the same as that in the absence of allicin. Therefore, we


Fig. 1 Inhibitory effect of allicin on the oxidation of cumene induced
by AIBN in chlorobenzene. Cumene (5.35 M) was oxidized at 30 ◦C
in chlorobenzene under air with AIBN (23 mM) in the absence (a) and
presence (b) of 30 lM allicin. CHP was measured by HPLC.
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measured the amount of unreacted allicin during this induction
period. Due to quantitative studies in homogeneous solution
systems, it is necessary to determine whether the allicin is
completely consumed by the end of the induction period of the
cumene oxidation. As a result, it was found that allicin was
completely consumed by the end of the induction period of the
cumene oxidation (data not shown).


In the same way we also checked the inhibitory effect of allicin
on the ML oxidation in chlorobenzene and the same results were
also obtained in this system (Fig. 2). In addition, we studied the
effect of allicin as a hydroperoxide decomposer in chlorobenzene
at 30 ◦C. From the results, allicin had no significant effect on
decomposing the MLOOH during the induction period (data not
shown).


Fig. 2 Inhibitory effect of allicin on the oxidation of ML induced
by AIBN in chlorobenzene. ML (91 mM) was oxidized at 30 ◦C in
chlorobenzene under air with AIBN (40 mM) in the absence (a) and
presence (b) of 50 lM allicin. MLOOH was measured by HPLC.


Taken together, it may be concluded that quantitative kinetic
studies on cumene and the ML oxidation in chlorobenzene are
quite applicable.


Determination of stoichiometric factor (n)


The stoichiometric factor, n, the number of peroxyl radicals
trapped by one molecule of an antioxidant, can be determined by
measurement of the reactivity toward DPPH (Fig. 3). DPPH has
often been used in the estimation of the reactivity of antioxidants
toward radicals and can also be used for estimating the antioxidant
stoichiometries.31 We then examined the reactivity of allicin toward
DPPH in chlorobenzene at 30 ◦C. As shown in Fig. 4, allicin,
despite its lower reactivity than that of a-toc (n = 2), reacted with
equimolar quantities of DPPH. This result shows that the n for
allicin is almost 1.0 in chlorobenzene at 30 ◦C.


Fig. 3 Structure of DPPH.


Fig. 4 Reactivity of allicin toward DPPH in chlorobenzene. DPPH
(50 lM) was reduced at 30 ◦C in chlorobenzene under air in the absence
(a) and presence (b) of 50 lM allicin, and (c) 25 lM a-toc.


Antioxidative mechanism of allicin


Recently, we showed that the –S(O)S–CH2CH=CH2 portion
of allicin was found to contribute to the antioxidant action.23


Because CH3–S(O)S–CH2CH=CH2 exhibits a significantly higher
antioxidant activity than CH2–CH=CH2–S(O)S–CH3 and the
bond strength of the allylic C–H bond is the weakest of all the
C–H bond strengths in allicin, we speculate that the antioxidant
property of allicin is due to scavenging the chain-carrying peroxyl
radicals of the substrates by transfer of this allylic hydrogen to
form hydroperoxides. Therefore, this assignment was confirmed
by demonstrating that the allylic hydrogen of allicin contributes
to its antioxidant activity.


The MLOOH formed during the controlled oxidation of ML
provides very important information on the mechanism of lipid
peroxidation and the action of antioxidants. Porter and Wujek32


showed that the cis,trans to trans,trans (c,t : t,t) ratios of the
MLOOH formed at the 9- and 13-positions of ML provide a
simple linear relationship to the hydrogen atom donating ability
of the antioxidants. This means that the amount of the cis,trans-
MLOOH will increase and the trans,trans-MLOOH will decrease
with the increasing concentrations of the substrates and hydrogen-
donating antioxidants. We found it useful to use this ratio to
monitor the effect of allicin. Therefore, we have undertaken an
experimental study of the antioxidative mechanism of allicin as an
antioxidant.


When adding the appropriate amounts of allicin to the ML
oxidation induced by the AIBN in chlorobenzene, the MLOOH
formed during the course of the inhibited oxidation was reduced
by triphenylphosphine to their the corresponding alcohols, and
these alcohols were analyzed by HPLC. These results are shown
in Fig. 5. The c,t : t,t ratio formed during the uninhibited AIBN-
initiated oxidation of ML in chlorobenzene remained constant at
about 0.01 from 5 to 30 min. On the other hand, the ML oxidation,
when inhibited by 50 lM allicin, showed a c,t : t,t ratio of about
0.5 during the course of the induction period. The result of this
experiment suggests the contribution of the allylic hydrogen atom
of the –S(O)S–CH2CH=CH2 transfer acting as an antioxidant
(Scheme 1).


It is well known that there are two mechanisms for the radical-
scavenging reactions of antioxidants: a one-step hydrogen atom
transfer; and an electron-transfer followed by a proton transfer.33


In addition, the electron-transfer mechanism is known to be
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Fig. 5 Distribution of geometric isomers of the MLOH. ML (91 mM)
was oxidized at 30 ◦C in chlorobenzene under air with AIBN (40 mM) in
the absence (a) and presence (b) of 50 lM allicin. Samples (0.5 mL) were
withdrawn from the mixture after 30 min and were reduced to MLOH
by adding triphenylphosphine to the samples. MLOH was analyzed by
HPLC.


Scheme 1 Radical-scavenging reaction by allicin.


significantly accelerated in the presence of Mg2+.34 This was
investigated by examining the effect of Mg2+ on the radical-
scavenging rates by allicin in methanol according to the method
of Nakanishi et al.34 As shown in Fig. 6, the rate of the DPPH
scavenging reaction by allicin was not affected upon the addition
of Mg2+ to the allicin–DPPH system in methanol. Thus, the radical
scavenging reaction in methanol may not proceed via an electron
transfer from allicin to DPPH. This result shows that the radical
scavenging reaction of allicin with the peroxyl radical proceeded


Fig. 6 Reactivity of allicin toward DPPH in the presence of Mg2+ in
chlorobenzene. DPPH (50 lM) was reduced at 30 ◦C in chlorobenzene
under air in the absence (a) and presence (b) of 0.2 M Mg(ClO4)2,
(c) 50 lM allicin, and (d) 0.2 M Mg(ClO4)2 and 50 lM allicin.


via a one-step hydrogen atom transfer rather than via an electron
transfer.


It is clear that the bond dissociation enthalpy (BDE) in a
radical-scavenging type antioxidant will be an important factor in
determining the efficacy of an antioxidant.35 A one-step hydrogen
atom transfer mechanism is governed by BDE to a large extent.
The BDE value of the allylic C–H bond of allicin, in this
connection, was calculated to be 85.8 kcal mol−1. On the other
hand, an electron-transfer mechanism is mainly determined by
the ionization potential (IP).33 The lower this value, the faster the
electron-transfer mechanism. We then calculated the IP value of
allicin using GAUSSIAN 03, which suggested that the IP value
for allicin was 189.5 kcal mol−1. The IP value was also determined
using a-toc, which scavenges the peroxyl radical via an electron
transfer in methanol, as a reference antioxidant. The result of the
calculation provides the IP value for a-toc of 149.5 kcal mol−1. A
recent study by Wright et al.35 has determined that the antioxidant
mechanism is predominantly a one-step hydrogen atom transfer
if the IP value is about 45 kcal mol−1 greater than that of an
electron transfer type antioxidants. The IP value for allicin was
about 40 kcal mol−1 higher than that of a-toc, suggesting that
allicin can scavenge the peroxyl radical via a one-step hydrogen
atom transfer.


Determination of antioxidant activity (kinh) of allicin


As described above, it is evident that allicin was consumed by the
end of the induction period of the cumene and ML oxidation in
chlorobenzene, and the allylic hydrogen atom of allicin contributes
to determining the antioxidant activity. We then determined the
antioxidant activity, kinh, by measuring the s and Rinh, the time
of the induction period and the rate of hydroperoxide formation,
respectively, during the course of the induction periods of the
cumene and ML oxidation.


The activity of a radical-scavenging antioxidant in a homo-
geneous solution is primarily determined by the rate constant
of the scavenging peroxyl radicals by the antioxidant during
the induction period of the substrate oxidation. The rate of the
inhibited oxidation is given by eqn 1,36,37


Rinh = − d [ROOH]
dt


= kp [RH] Ri


nkinh [IH]
(1)


where ROOH, RH and IH are the substrate hydroperoxide,
substrate and antioxidant, and kp and kinh are the rate constants
for the chain propagation and scavenging of the chain-carrying
peroxyl radical by an antioxidant, respectively. This classical
equation applies to the peroxidation of many organic substrates
in a homogeneous solution. For example, the kinh values for
bilirubin and glutathione, not phenolic antioxidants, have also
been determined using this equation.38,39 The kp values used for
cumene and ML in chlorobenzene at 30 ◦C are 0.18 M−1 s−1


and 62 M−1 s−1,40,41 respectively. The antioxidant activity and
stoichiometric factor of allicin in chlorobenzene at 30 ◦C are
summarized in Table 1 for comparison with that of a-toc. As a
result, the kinh values give the inhibition rate constants for allicin
with the peroxyl radical derived from cumene and ML at 2.6 ×
103 M−1 s−1 and 1.6 × 105 M−1 s−1, respectively. This is about one-
fiftieth that of a-toc in the cumene oxidation system and about
one-seventh that of a-toc in the ML oxidation system. However,
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Table 1 Summary of antioxidant activities of allicin and a-toc


n kp/M−1 s−1 Ri/s−1 Rinh/M s−1 s/s kinh/M−1 s−1


Cumene (5.35 M) + AIBN (23 mM) in chlorobenzene
Allicin (25 lM) 1.0 3.66 × 10−8 2787.6 2.6 × 103


0.18 2.46 × 10−9


a-Tocopherol (25 lM) 2.0 3.87 × 10−10 20286 1.2 × 105


ML (91 mM) + AIBN (40 mM) in chlorobenzene
Allicin (50 lM) 1.0 3.64 × 10−9 2659.2 1.6 × 105


62 5.28 × 10−9


a-Tocopherol (50 lM) 2.0 2.73 × 10−10 18948 1.1 × 106


our results provide an answer to the simple, but important subjects
concerning the antioxidant activity of allicin and the discussion
of these results suggests potential applications of allicin as an
antioxidant. Furthermore, to the best of our knowledge, these
results represent the first reported of the quantitative kinetic data
for allicin as an antioxidant.


It is conceivable that allicin is not stable. However, it has been
reported that half-life of allicin is 30–40 d at 23 ◦C in water at
concentrations ranging from 0.6 to 6.0 mM.25 On this basis, we
speculate that allicin will play a more effective role in controlling
lipid oxidation in micelles and bilayers. Therefore, we are currently
extending this study to micellar and liposome systems.
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In this article we provide an overview of synthetic studies towards pectenotoxins (PTXs) that have been
reported by several research groups. The difficulties encountered in the synthesis of these series of
polyketides are highlighted by the fact that only one total synthesis of PTX4 and PTX8 has been
completed to date. The strategies used in the critical bond forming steps and the introduction of key
stereogenic centres are compared and contrasted.


1 Introduction


The pectenotoxins (PTXs) are a family of polyether macrolides
that were first isolated in 1985 by Yasumoto et al. and were
often associated with diarrhetic shellfish poisoning (DSP). They
were named after the generic name of the Japanese scallop
(Patinopecten yessoensis) initially used for toxin extraction and
they were originally produced by toxic dinoflagellate species of
the genera Dinophysis.


The first members of the family to be isolated were PTX1-5
(Fig. 1). The relative configuration of PTX1 (1) was established
by X-ray crystallography1 however it was not until 1997 that the
absolute stereochemistry was determined and revised as a result
of NMR studies using chiral amide derivatives of PTX6 (5).2
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There are currently fourteen members of the family that have been
isolated and characterised by comparison of spectroscopic data,
with the exception of PTX5 and PTX10 that have not yet been
identified.3


PTXs comprise a characteristic closed-chain macrolide struc-
ture containing a spiroacetal, three substituted tetrahydrofurans
and 19 (or 20 in PTX11 and PTX13) stereocentres embedded
within a 40-carbon chain (Fig. 1). The main differences between
these compounds are the level of oxidation at C43 and the
stereochemistry of the spiroacetal system. Naturally occurring
PTXs contain a 5,6-spiroacetal ring system with most of them
exhibiting an R configuration at the C7 spiroacetal centre.


Several research groups reported that only PTX2 was found in
Dinophysis fortii suggesting that PTX2 is the parent compound
and that the other PTXs (i.e. PTX1, PTX3 and PTX6) are the
products of oxidation of the C-43 methyl group which takes
place in the hepatopancreas of the scallop, P. yessoensis.4–6 This
conclusion was supported by the fact that PTX2 was detected in
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Fig. 1 Structure of the pectenotoxins.


both extracts of D. fortii and in extracts of scallop gut, whereas
PTX6 could only be detected in the scallop gut and not in the algal
extracts.6


PTX4 (4) and PTX7 (6) are stereoisomers of PTX1 (1) and PTX6
(5) respectively, resulting from epimerisation of the spiroacetal
centre. This epimerisation is thought to occur in the digestive
glands of scallops, presumably by a scallop-derived enzyme as
opposed to a random acid-catalysed reaction.7 It was postulated
that this epimerisation was the result of a detoxification process
as PTX4 and PTX7 exhibit a lower toxicity compared to their
epimers.5,7 PTX8 (8) and PTX9 (9), on the other hand, are products
arising from chemical transformation of other PTXs and have not
been isolated from natural sources.7 Instead of a 5,6-spiroacetal
ring system, they contain a 6,6-spiroacetal ring system with an S
configuration at the spirocentre, which is thermodynamically more
stable due to the maximum stabilisation by the anomeric effect.


Variations in the other ring systems were not known until
recently when four additional members of the family were isolated
and characterised. PTX11 (7),8 PTX12 (10 and 11),9 PTX13
(12),10,11 and PTX14 (13)11 have the same substituent at C43 and
spiroacetal configuration as PTX2 but exhibit variation around the
FG ring system. Additional hydroxyl groups at C34 and C32 were
observed in PTX11 and PTX13 respectively, while the presence of
unsaturation at C38 in PTX12 was observed (Fig. 1). PTX12 also
exists as two different isomers depending on the stereochemistry
at C36. The most recently isolated PTX14 was identified as the
cyclised 32,36-dehydration product of PTX13.


Open-chain analogues of PTXs are also known and have been
identified as PTX-seco acid/PTX-SA 14, 15 and 16 (Fig. 2).9,12


These seco acids appeared to be less toxic than their parent com-
pounds. For example, PTX2-SA (14) did not exhibit cytotoxicity
towards KB cells at a dose of 1.8 lg mL, while PTX2 (2) was
cytotoxic at a dose of 0.05 lg mL, indicating the importance of
the macrocyclic structure on the observed toxicity.12


Fig. 2 Structure of PTX-seco acids.


In recent years, the classification of PTXs as causative agents
for diarrhetic shellfish poisoning has become a subject of debate.
Some groups have found a mild diarrhetic effect13 caused by
administration of PTXs but other groups reported no such effect.14


It was suspected that the earlier reported diarrhetic effect of PTXs
may be attributed to the contamination of the sample with okadaic
acid15 or its derivatives, which were often isolated together with
the PTXs from dinoflagellate species.


PTXs are hepatotoxic, tumour promoters and cause apoptosis
in rat and salmon hepatocytes with PTX2 being the most toxic
member of the family.1,14c,16 Further physiological studies on PTX2
revealed that selective and potent cytotoxicity against several cell
lines with differences in the LC50 value between sensitive and
resistant cell lines of 100-fold or more.17 PTX2 (2) inhibited actin
polymerisation in a concentration-dependent manner and formed
a 1 : 4 complex with G-actin whereas PTX6 (5) caused time- and
dose-dependent depolymerisation of F-actin in neuroblastoma
cells.18
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The intriguing complex structure of the PTX family together
with their high cytotoxicity has recently prompted several research
groups to pursue their synthesis. The presence of a hemiketal
(C36), several ketal centres (C7 and C21) together with a ketone a
to an ether linkage, render the PTXs susceptible to isomerisation,
especially by acids. The presence of a non-anomerically stabilised
6,5-spiroacetal ring system (7R configuration) in the majority of
cases also provides additional synthetic challenges.


Although the isolation of PTXs was first reported in 1985, it was
not until 1997 that the first synthesis of the FG ring fragment of the
PTXs was reported by Murai and co-workers.19 Since then, several
other research groups (including ourselves) have also reported
their approaches to different fragments of PTXs and only one
total synthesis has been reported to date. The objective of this
review is to provide an overview of these synthetic studies towards
the PTX family in the context of the elegant total synthesis of
PTX4 (4) and PTX8 (8) reported by Evans et al.20


2 Murai and Fujiwara group’s approach to PTX2


In 1997, the Murai and Fujiwara group reported the first synthesis
of the FG fragment 17 (Fig. 3), antipoded to that of the natural
product PTX2 (2).19 Recently, they have also published the
synthesis of the correct enantiomer of this fragment by using
similar methodology to that reported earlier and extending it to


Fig. 3 Murai’s synthesis of the FG fragment: 17 (incorrect FG enan-
tiomer fragment) and 18 (correct FG enantiomer fragment).


incorporate the C1–C7 carbon chain thereby affording the left-
hand fragment 18 of PTX2 (Fig. 3).21 The key step in this synthesis
involves selective generation of an a-lithiated tetrahydrofuran
23 from the corresponding phenylthioacetal 20 (Scheme 1).22


Tetrahydrofuran 20, which contains the correct stereochemistry,
was synthesised as a mixture of stereoisomers from alcohol 1923


in 5 steps whilst the aldehyde fragment 22 was synthesised from
epoxy alcohol 2124 in 4 steps (Scheme 1).


Treatment of phenylthioacetal 20 with lithium di-tert-
butylbiphenylide at low temperature resulted in the immediate
formation of the anion, which upon addition of aldehyde 22
afforded the corresponding coupled product as a mixture of
diastereomers. Subsequent Swern oxidation afforded ketone 24
as a 4.2 : 1 mixture of diastereomers at C35 with the desired
diastereomer as the major product. After further elaboration (9
steps), alcohol 25 was obtained as a single enantiomer whereupon
introduction of the C1–C7 fragment was performed by DCC
mediated coupling of acid 26 with alcohol 25. The C2/C3 chiral
centres in acid 26 were installed using an Evans’ aldol reaction.
Removal of the C7 PMB group in the coupled product 27 and
Swern oxidation of the resultant alcohol furnished the left-half
FG fragment of PTX2 (2).


Murai and Fujiwara’s research group also reported an ef-
ficient synthesis of the C8–C18 tetrahydrofuran fragment 36
in 2000 (Scheme 2).25 The main idea behind their synthesis
was to introduce all stereogenic centres by utilising proximal
chirality and building the chirality from the left side of the
molecule.


The initial chiral epoxide building block 29 was prepared
by Sharpless asymmetric epoxidation26 of allylic alcohol 28.
Iodocarbonate cyclisation27 of the derived trisubstituted olefin 30
set up the third stereogenic centre at C12. Chain homologation via
Horner–Wadsworth–Emmons reaction of phosphonate 32 with
aldehyde 33 followed by Luche reduction28 of the resultant ketone
gave predominantly b-alcohol 34 (at C14), due to the influence of
the tertiary hydroxyl group at C12. Subsequent hydroxyl-directed
epoxidation of alcohol 34 established the remaining stereogenic


Scheme 1 Synthesis of left-half FG moiety of PTX2 (2).
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Scheme 2 Murai and Fujiwara’s synthesis of C8–C18 THF fragment.


centres with final cyclisation of epoxy alcohol 35 affording the
C8–C18 fragment 36.


3 Micalizio and Roush’s approach to PTX2


Soon after Murai published the synthesis of the tetrahydrofuran
fragment, Micalizio and Roush29 also published an alternative
approach to this tetrahydrofuran ring with additional D and
E rings in place. Their strategy involved a convergent three-
component coupling sequence via a chelation controlled [3 +
2]-annulation using a chiral c-allylsilane to construct the 2,5-
trans-substituted tetrahydrofuran ring. It was recognised from
the beginning that this strategy would produce the unnatu-
ral stereochemistry at C15 (Fig. 4). However, they postulated
that this issue would later be addressed by base-promoted


Fig. 4 Micalizio and Roush approach to CDE ring fragment 37.


epimerisation making use of the chirality at the adjacent C14
centre.


With this idea in mind, the construction of the E ring fragment
43 was initially achieved using silylallyl borane 38, aldehyde
39 and methyl pyruvate 40. Aldehyde 39 was synthesised in 6
steps from known geraniol epoxide 4130 (Scheme 3). Asymmetric
silylboration of aldehyde 39 with allylborane 38 provided an
inseparable mixture of diastereomeric products favouring the
desired anti-b-hydroxyallylsilane that was subsequently protected
to give silyl ether 42. The coupling between allylsilane 42 and
methyl pyruvate 40 under chelate-controlled SnCl4-promoted [3 +
2]-annulation conditions afforded the desired 2,5-trans-substituted
E ring 43 in good yield with high stereoselectivity (66–75% yield,
>20 : 1 diastereoselectivity).


With this impressive formation of the E ring system, the next
strategy was to employ the same annulation methodology to form
the C ring system. The required chiral allylsilyl 46 was prepared in
high yield and diastereoselectivity by utilising c-silylallylboronate
(R,R)-4531 which was developed earlier by the same research group.
The same SnCl4-promoted coupling conditions were employed
affording bis-tetrahydrofuran 47 in 30% yield over two steps. Final
deprotection of the silyl ether and benzyl ethers gave a keto diol
which spontaneously cyclised to the target CDE ring fragment
37. Although the yield for the second SnCl4-annulation step was
significantly lower and a 2,5-trans-substituted tetrahydrofuran C
ring was obtained instead of a 2,5-cis-substituted tetrahydrofuran,
the CDE ring subunit was accessed nevertheless.


4 Paquette’s approach to PTX2


In 2002, Paquette and co-workers32,33 reported their synthetic
work directed towards the C29–C40 FG fragment 54 based on
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Scheme 3 Synthesis of CDE precursor fragment 37.


an efficient stereodirected hydrogenation of dihydrofuranol 52 to
give a trans-substituted tetrahydrofuran ring.


The key fragment 52 was synthesised from reaction of aldehyde
50 with the lithiated 51 (Scheme 4). The stereochemistry at
C37 and C38 in aldehyde 50 was established using an Evans’
anti-aldol reaction whilst dihydrofuran 51 was readily available
from D-mannose.34 Hydroxyl-directed hydrogenation35 of 52 using
the cationic catalyst [Rh(NBD)(DIPHOS-4)BF4]36 was initially
problematic due to competing elimination of water to give the
corresponding furan. However, the selective hydrogenation was fi-
nally achieved in good yield (68% at 80% conversion) using an ionic
complex formed between the sodium salt of 52 and the cationic
catalyst above to give the trans-substituted tetrahydrofuran 53.
Finally, further carbon extension of 53 in three steps furnished the
desired C29–C40 carbon fragment 54 of PTX2 (2).


In 2005, Paquette’s group also published the synthesis of the
right half C1–C26 fragment 67 (Scheme 6), a precursor to the
ABCDE fragment in PTX, in continuation of their work towards
the total synthesis of PTX2.37 Their approach was based on
the highly convergent synthesis of the C1–C15 AB spiroacetal
containing fragment 59 together with C16–C26 sulfone containing
fragment 66. Subsequent union of both these subunits was then
effected using a Julia olefination.


The initial synthesis of the C1–C15 building block began by
constructing the spiroacetal ring system. Addition of the organo-
lithium derivative of 55 with Weinreb amide 56, itself derived from
L-glutamic acid, followed by the deprotection of the PMB groups
afforded spiroacetal 57 in good yield (Scheme 5). The C2/C3 syn
configuration was established using an Evans’ aldol condensation
similar to the method used by Murai’s group. The stereochemistry
at C7 was assumed to be S based on the additional stabilisation
by the anomeric effect that this configuration possesses. This
stereochemistry represents the opposite epimer at C7 compared
to the natural PTX2 spiroacetal ring system (C7 = R in PTX2). Scheme 4 Paquette’s synthesis of the C29–C40 backbone subunit.
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Scheme 5 Synthesis of the C1–C15 fragment 59.


Further chain extension and introduction of a chiral epoxide
(C11/C12) via Sharpless epoxidation38 afforded aldehyde 58. The
final two carbons and the hydroxyl group at C14 were intro-
duced using a Wittig reaction and a Mn3+-catalysed oxidation,
respectively.39


The C16–C26 coupling partner 66 was efficiently constructed
from the readily available benzyl ether 60 (Scheme 6). The
stereogenic centres in fragments 61 and 62 were constructed via


Sharpless dihydroxylation40 and the Julia–Lythgoe coupling of
these two fragments was effectively achieved in 85% yield with the
isomeric 15 : 1 ratio favouring the E isomer. Functional group ma-
nipulation of 63 afforded epoxide 64. The new stereogenic centres
at C21/C22 were then introduced via asymmetric dihydroxylation
using AD-mix-b. Work up of the reaction using hydrogen sulfide
promoted acid-catalysed stereoselective cyclisation to give the
desired E ring 65 in high yield. Five additional steps then gave
the desired phenyltetrazole sulfone 66, which was then coupled
with aldehyde 54 to generate exclusively the C1–C26 containing
E-olefin 67.


5 Evans’ total synthesis of PTX4 and PTX8


Although a number of synthetic studies towards fragments of the
PTXs have been described, only one total synthesis of PTX4 (4)
and PTX8 (8) by Evans and co-workers20 has been completed
to date. PTX4 (4) was chosen as the target molecule by this
group as the C7 spiroacetal centre in this molecule possesses an
S configuration and is therefore stabilised by the anomeric effect.
Although it was reported that the 7R-spiroacetal configuration
was more stable in the macrolide framework, the 7S-epimer
remained the favoured configuration in the acyclic precursors.12


Evans’ group based their approach for the synthesis of PTX4
(4) on the convergent coupling between several complex late-stage
intermediates. The retrosynthetic strategy that they employed is
illustrated in Fig. 5 wherein the main disconnections across the
macrolide C1–O33 bond, the C19–C20 bond and the C30–C31
olefin bond gave rise to three different intermediates, namely ABC
fragment 68, E ring fragment 70 and FG backbone fragment 69.


The synthesis of fragment 68 began by constructing the required
AB spiroacetal ring system. In contrast to Paquette’s approach,
this group utilised the Wittig reaction between phosphonium salt


Scheme 6 Paquette’s synthesis of the C1–C26 left-hand fragment 67.
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Fig. 5 Evans’ retrosynthetic analysis of PTX4 (4).


72 and aldehyde 73 to give spiroacetal 74 in high yield with
high diastereoselectivity (Scheme 7). Chain elongation and further
functional group manipulation including use of an asymmetric
epoxidation directed by hydroxyl group at C1141 allowed access
to epoxy alcohol 75 with the stage set for facile formation of
the C ring. 5-exo-trig cyclisation of 75 followed by deoxygenation
under Barton conditions42 afforded the C ring with the correct
oxygenation level at C12. Further elongation to incorporate
the C17–C19 chain was achieved with high stereocontrol via
asymmetric allylation under Felkin control followed by Sharpless
epoxidation to furnish43 the desired C1–C19 fragment 68.


The main approach used to construct the E ring subunit
involved iodoetherification of alcohol 80 (Scheme 8). In turn
this alcohol, containing the C20–C28 backbone, was prepared
efficiently via Claisen rearrangement of 1,5-diene 79 followed by
chelation controlled reduction of the resultant ketone to set the
stereochemistry at C22. Iodoetherification furnished the desired
trans-substituted E ring with moderate selectivity (dr 72 : 28).
Installation of the N,N-dimethylhydrazone functionality at C21
afforded the required subunit 70 in preparation for union with the
ABC subunit 68.


Evans’ approach to the C31–C40 FG subunit 69 was very
different from the methods previously described. The key step for
assembly of fragment 69 involved union of C31–C35 phosphonium
salt 84 with C36–C40 aldehyde 85 (Scheme 9) to form the Z-olefin
86 with high stereoselectivity (Z:E = 95 : 5).


Hydroxyl-directed epoxidation41 followed by protecting group
manipulation afforded epoxide 87, which contained all the re-
quired stereogenic centres for preparation of the FG fragment.
Selective deprotection of the benzyl group at C32 and exposure of
the resultant alcohol to acidic conditions afforded the correspond-
ing trans-substituted F ring which was then further elaborated to
benzthiazole 69, to be used in the subsequent Julia coupling.


Scheme 7 Synthesis of the C1–C19 subunit of PTX4 (4).


Scheme 8 Synthesis of the E ring subunit 70.


With all three advanced intermediates 68, 69 and 70 prepared,
completion of the synthesis of PTX4 began by joining ABC
fragment 68 with E ring fragment 70. This key union was achieved
by generation of the metalloenamine derived from 70 followed
by reaction with the MgBr2-activated epoxide 68 (Scheme 10)
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Scheme 9 Synthesis of the C31–C40 subunit 69.


Scheme 10 Completion of the synthesis of PTX4 (4) and PTX8 (8).


and acidolysis of the derived hydrazinyl lactol afforded ABCDE
fragment 89. Julia coupling of b-alkoxy sulfone 6944 with alde-
hyde 90 and subsequent macrolactonisation under Yamaguchi
conditions45 furnished the C1–C40 carbon backbone of PTX4.
Selective deprotection of the TES ethers at C14 and C36 in 91
followed by oxidation of the resultant hydroxyl groups effected
construction of the final G ring. Finally, global deprotection
afforded PTX4 (4) in 36 steps (longest linear sequence) and 0.3%
overall yield. PTX8 (8) was then obtained from PTX4 (4) via an
isomerisation process using 1% TFA.


6 Pihko’s approach to access both spiroacetal
anomers


As described earlier, although the natural PTXs exhibit both
configurations (R and S) at the spirocentre, it was known that
the 7R-epimers were more toxic than the 7S-epimers. In spite of
this, access to the non-anomerically stabilised 7R-spiroacetal had
not been addressed until 2004 when Pihko and Aho demonstrated
their synthetic approach to prepare both anomers of the PTX
spiroacetals.46
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The key spirocyclisation precursor 95 was prepared in a 70 :
30 diastereomeric ratio (based on the stereogenic centre at
C10) via Sharpless asymmetric dihydroxylation of the terminal
C10/C11 olefin precursor 94. Both diastereomers were used in
the cyclisation studies, however for the purpose of simplification
reaction of only the correct 10S-isomer 95 is depicted (Scheme 11).


Scheme 11 Access to both anomeric spiroacetals of PTXs.


The key spirocyclisation reaction was performed in the presence
of several different acid promoters. The use of a strong acid (p-
toluenesulfonic acid) resulted mainly in formation of the anomer-
ically stabilised spiroacetal 96 (corresponding to the 7S-epimer in
natural PTX4 4 and PTX7 6). A few weaker acid promoters were
screened and they were found to give progressively larger amounts
of the target non-anomeric spiroacetal with chloroacetic acid being
found to be the optimal catalyst affording 7R-spiroacetal 97 in 44%
yield. These studies established a method to obtain both isomers
of the spiroacetal portion of PTXs, which could then be used to
prepare all members of the PTX family.


7 Brimble’s approach to PTX2


Shortly after Paquette and co-workers published their synthesis
of the C1–C26 fragment of PTX2 in 2005,37 we disclosed our ap-
proach towards the C1–C16 ABC spiroacetal containing subunit
105.47,48 Our strategy hinged on initial formation of the C1–C11
AB spiroacetal fragment 100. In a similar manner to that observed
by Paquette, we also formed the 7S-spiroacetal centre as opposed
to the required 7R in natural PTX2 (Scheme 12). We envisaged
that the correct spiroacetal centre could be formed at a later stage
after the formation of the macrolide ring.


Incorporation of the remaining C12–C16 carbon chain was
achieved via Wittig reaction using a stabilised ylide 101 to
access E-olefin 102 after conversion of the ester to an iodide.
Subsequent displacement of allylic iodide 102 with the lithium
acetylide derived from 103 followed by Shi epoxidation49 furnished
epoxy olefin 104 with the correct stereochemistry at C11/C12


Scheme 12 Brimble’s synthesis of ABC spiroacetal 105.


(dr 5.5 : 1). Finally substrate controlled dihydroxylation of olefin
104 afforded the corresponding diol which cyclised directly to
form the desired C ring thus completing the synthesis of C1–C16
spiroacetal containing ABC fragment 105.


8 Comparison of the synthetic approaches to
subunits of the PTXs


Although several research groups have constructed various sub-
units of the PTXs, a certain degree of commonality exists in
several of the key bond forming steps and for the introduction
of several key stereogenic centres. In this part of the article, we
have attempted to compare the strategies used for several of the
subunits.


8.1 Formation of the ABC spiroacetal containing subunit


8.1.1 Control of spiroacetal stereochemistry and C2/C3 chiral
centres. Except for Pihko and Aho, all of the synthetic studies
to the AB spiroacetal fragment reported to date used a thermody-
namically controlled cyclisation to form the 7S-spirocentre thus
making use of maximum anomeric stabilisation for formation
of the 5,6-spiroacetal (Fig. 6). Another striking similarity was
the introduction of the syn-stereogenic at C2/C3 by Murai,
Paquette and Evans using a boron-mediated aldol reaction. On
the other hand, Pihko employed a sequence of Katsuki–Sharpless
epoxidation followed by epoxide ring opening using a higher order
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Fig. 6 Comparison of AB spiroacetal formation.


cuprate while we used a Crimmins modified aldol reaction50 with
a titanium enolate.


All of the approaches to the AB spiroacetal subunit relied on
disconnection of the C7–C8 bond. The Brimble and Paquette
groups assembled the carbon backbone before cyclisation of the
hydroxyketone to give the AB spiroacetal. Although the interme-
diates used to construct this spiroacetal were different (Scheme 5
and 12), interestingly both of these approaches formed identical
spiroacetal intermediates (57 and 100, Fig. 7). Evans’ approach
involved initial formation of the A ring system before union with
the C8–C11 fragment 73 via a Wittig reaction (Scheme 7). Pihko
used lactone 92, which comprised the A ring and extended the side
chain using a Grignard reaction (Scheme 11).


Fig. 7 Identical spiroacetal intermediates accessed by Paquette and
Brimble.


8.1.2 Formation of the C-ring cis-tetrahydrofuran fragment.
A key hydroxy-epoxide cyclisation was used to form the cis-
tetrahydrofuran C ring by Evans (Scheme 7), Murai (Scheme 2)
and Brimble (Scheme 12). Similarly, all the stereogenic centres were
correctly established before cyclisation took place. Worthy of note
was Roush’s approach wherein a [3 + 2]-annulation promoted by
SnCl4 was used to form the C ring, notably containing the opposite
stereochemistry at C15 (Scheme 3).


8.2 Formation of the E-ring trans-tetrahydrofuran subunit


To date, only the Evans, Paquette and Roush research groups have
successfully prepared the trans-substituted tetrahydrofuran E ring.
Each of the three groups used different approaches. Roush used
an impressive SnCl4-promoted [3 + 2]-annulation of allylsilane 42
with methylpyruvate affording the desired ring system with high
stereoselectivity (Scheme 3).


The Evans group used an iodoetherification of alcohol 80 to
construct the trans-stereochemistry of the tetrahydrofuran ring
(Scheme 8). Paquette’s strategy, on the other hand, involved
introduction of all the functionality into an acyclic precursor
followed by 5-exo-trig cyclisation of the epoxy diol derived from
olefin 64 (Scheme 6).


8.3 Formation of the FG subunit


The Murai, Paquette and Evans research groups made use
of the same disconnection at C35–C36 to construct the FG
subunit, however significantly different approaches were adapted
to unite the building blocks (Fig. 8). Murai and Fujiwara’s
research group reacted an a-lithiated tetrahydrofuran (derived
from the corresponding phenylthioacetal 20) with an aldehyde
22 to give the required trans-tetrahydrofuran F ring 24 with good
stereoselectivity (Scheme 1).


Fig. 8 Comparison of FG ring approaches.


Paquette made use of the union between dihydrofuran 51
with aldehyde 50 followed by a highly selective hydroxyl-directive
hydrogenation to set the stereochemistry at C35 (Scheme 4). Evans
combined the asymmetric epoxidation of the alcohol derived
from 86 and a 5-exo-tet cyclisation to establish the desired
stereochemistry in the FG subunit 69 (Scheme 9).


9 Conclusions


In summary, six different research groups have contributed signifi-
cantly to the field of organic synthesis via their studies towards the
total synthesis of the PTXs. Only one total synthesis of PTX4 (4)
and PTX8 (8) has been reported to date thus reflecting the many
synthetic challenges presented by these complex polyketides.
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Ring-opening of aziridines with various nucleophiles (such as amines, thiols, and silylated nucleophiles)
in DMSO under mild conditions without any catalyst afforded the corresponding products in good to
excellent yields.


Introduction


Ring-opening reactions of aziridines with nucleophiles are a
useful protocol in organic synthesis, and many reagents have
recently been developed to effect the opening of the aziridine
ring.1 However, most of these methods are complicated by the
fact that a Lewis acid or strong base is necessary for the reaction
to take place.2 Moreover, different reaction conditions are needed
for different aziridines and nucleophiles because of their varying
reactivity and the structural complexity of the aziridines.3–5 Re-
cently, small molecules have been utilized as organocatalysts in the
ring-opening reactions of aziridines with various nucleophiles.6,7


For example, Hou has developed tributylphosphine-catalyzed
ring-opening reactions of aziridines with nucleophiles.6 However,
the catalyst, Bu3P, is not stable and is easily oxidized in air.
Furthermore, a high catalyst loading (at least 10%) was necessary
to achieve respectable yields; the yield and rate dramatically
decreased if catalyst loading was reduced. In addition, we have
developed tertiary amine catalyzed ring-opening reactions of
aziridines with various nucleophiles, such as amines and thiols.7 In
these two examples, the organocatalysts initially form a complex
with the aziridine, which acts as a ‘trigger’ for the reaction.6,7


Oriyama8 recently reported that DMSO, when used as the
solvent, acted as a nucleophilic activator of several organic
transformations. Inspired by these results, we envisaged that
DMSO may also be effective in the ring-opening reactions of
aziridines with various nucleophiles. Herein, we disclose our
preliminary results for this kind of transformation, which was
performed in DMSO without any catalyst under mild conditions
with a variety of nucleophiles.


Results and discussion


Initial studies revealed that without any catalyst, the reaction of
aziridine 1a with thiophenol proceeded smoothly in DMSO at
40 ◦C to afford the corresponding product in high yield (90%,
Table 1, entry 1). The anti-stereochemistry of the product 2a was
confirmed by the coupling constants for the two cyclic methine
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Table 1 Reactin of aziridine 1a with thiophenol or aniline under different
solvents and temperatures


Entry NuH Solvent Temp./◦C Time/h Yield (%)a


1 PhSH DMSO 40 1.5 90
2 PhSH DMSO 25–30 1.5 24
3 PhSH THF 40 18 17
4 PhSH DMF 40 1.5 79
5 PhSH MeCN 40 1.5 85
6 PhSH H2O 40 10 NR
7 PhSH Toluene 40 18 13
8 PhNH2 DMSO 50 10 57
9 PhNH2 MeCN 50 10 16


10 PhNH2 DMF 50 10 36
11 PhNH2 DMSO 60 6 85


a Isolated yield based on aziridine.


protons at the trans-positions.4 Further exploration showed that
DMSO was the best solvent among those screened, and that the
reaction worked most efficiently at 40 ◦C. No product was detected
when this reaction was performed in water, due to the insolubility
of aziridine 1a. When aniline was used as the nucleophile, the
reaction of 1a also proceeded well in DMSO at 60 ◦C (85% yield,
Table 1, entry 11). Reactions performed in MeCN and DMF
showed inferior results (Table 1, entries 9 and 10).


A variety of aziridines and nucleophiles were examined for the
ring-opening reactions using the optimized reaction conditions,
and the results are summarized in Table 2. As shown in Table 2,
this reaction is general, and useful for ring-openings of a range of
aziridines 1 with both electron-withdrawing and electron-donating
groups attached to the nitrogen atom. In most cases, reactions
were very clean and the desired products were isolated in good
to excellent yield. It is noteworthy that, in contrast to previous
reports,4–7 activated aziridines (such as 1a and 1d), as well as
an unactivated aziridine (1c), were all suitable substrates for
nucleophilic attack. For example, when aziridine 1c reacted with
thiophenol and aniline, the products were obtained in 80% and
68% yield, respectively (Table 2, entries 6 and 17). Although the
reactions of aziridines with aromatic thiols or amines proceeded
well under these conditions, reactions that employed aliphatic
nucleophiles were sluggish (Table 2, entries 4 and 15). However,


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 4231–4235 | 4231







Table 2 Ring-opening reactions of aziridines with various nucleophiles in DMSO


Entry Aziridine Nu Temp./◦C Time/h Product Yield (%)a


1 1a C6H5SH 40 1.5 2a 90
2 1a 4-MeOC6H4SH 40 2 2b 90
3 1a 4-ClC6H4SH 40 2 2c 83
4 1a C6H5CH2SH 40 24 2d 15
5 1b C6H5SH 40 5 2e 73
6 1c C6H5SH 40 14 2f 80
7 1d C6H5SH 40 5 2g 96
8 1e C6H5SH 40 3.5 2h 96
9 1e 4-ClC6H4SH 40 2 2i 86


10 1f C6H5SH 40 3.5 2j/3j (2.3 : 1)b 68
11 1g C6H5SH 40 3.5 2k/3k (1 : 1)b 89
12 1a C6H5NH2 60 6 2l 85
13 1a 4-MeOC6H4NH2 60 7 2m 77
14 1a 4-FC6H4NH2 60 7 2n 92
15 1a C6H5CH2NH2 60 24 2o Trace
16 1b C6H5NH2 60 12 2p 62
17 1c C6H5NH2 60 24 2q 68
18 1e C6H5NH2 60 10 2r 96
19 1f C6H5NH2 60 6.5 2s/3s (1 : 5)b 92
20 1g C6H5NH2 60 10 2t/3t (1 : 6)b 92
21 1a TMSN3 40 12 2u 89
22 1a TMSCl 40 9 2v 95
23 1b TMSN3 40 10 2w 93
24 1e TMSN3 40 10 2x 95
25 1e TMSCl 40 10 2y 97


a Isolated yield based on aziridine. b Ratio was determined by 1H NMR.


the conditions were suitable for the ring-opening reactions of
aziridines with silyl nucleophiles. For example, reaction of 1a
with trimethylsilyl azide or chloride afforded the corresponding
products in 89% and 95% yield, respectively (Table 2, entries 21
and 22). In the case of the unsymmetrically substituted aziridine
1e, complete regioselectivity, with the attack of nucleophile on the
less substituted aziridine carbon, was observed (Table 2, entries 8,
9, 18, 24, and 25). For substrates 1f and 1g, as previously reported,1


it is reasonable that regioselectivity is not as specific as others
due to an electronic effect (Table 2, entries 10, 11, 19, and 20).
Thus, mixtures of regioisomers were generated, since both a steric
effect and electron effect control the reaction process. For example,
when aziridine 1f or 1g reacted with aniline under the optimized
conditions (Table 2, entries 19 and 20), the major product was
that resulting from nucleophilic attack on the benzylic position.
We also carried out the reaction of aziridine 1a with trimethylsilyl
azide in the presence of 1.0 equiv. of DMSO at 40 ◦C in THF,
giving 79% isolated yield of the desired product 2u after 72 h. The
reaction was retarded when 10% of DMSO was utilized under the
conditions above.


As regards the role of DMSO in the ring-opening of aziridines
with nucleophiles, although the mechanism is not clear since there
is no supporting evidence at present, we suggest that DMSO may
act as a Lewis base to activate the nucleophile during the reaction


process, as previously reported.8–10 For the reactions of aziridines
with thiols or amines, we have previously reported that DABCO
can react with aziridine to trigger that reaction.7 Therefore, we
treated aziridine 1a with DMSO at 40 ◦C for 10 h, but no change
was observed, which excludes the possibility that DMSO acts as
a trigger in this transformation. In the reactions of aziridines
with silyl nucleophiles, we believe that DMSO coordinates to the
trimethylsilyl group to form hypervalent silicon compounds,9,10


which are active towards further nucleophilic attack (Fig. 1).


Fig. 1 Proposed mechanism for the reaction of aziridines with silyl
nucleophiles.


Conclusions


In conclusion, we have developed an efficient and convenient
method for the ring-opening of aziridines with various nucle-
ophiles. This reaction has the following synthetic advantages: (1)
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in contrast to the known ring-opening reactions of aziridines, the
present procedure needs neither a base nor a metal catalyst; (2)
both activated and unactivated aziridines are suitable substrates;
(3) various nucleophiles, including thiols, amines, and trimethylsi-
lyl azide or chloride, can be employed in this reaction; (4) the atom
economy is high, as almost all of the reagent is consumed; (5)
mild reaction conditions; and (6) ease of experimental operation.
Further investigations for the desymmetrization of meso-aziridines
with various nucleophiles are underway in our laboratory.


Experimental


All reactions were performed in test tubes under nitrogen atmo-
sphere. Flash column chromatography was performed using silica
gel (60 Å pore size, 32–63 lm, standard grade, Sorbent Tech-
nologies). Analytical thin-layer chromatography was performed
using glass plates pre-coated with 0.25 mm 230–400 mesh silica
gel impregnated with a fluorescent indicator (254 nm). Aziridines
were prepared according to literature methods.1 Solvents were re-
distilled prior to use in the reactions. Other commercial reagents
were used as received.


General procedure


General procedure for the reactions of aziridines 1 with various
nucleophiles: the nucleophile (1.0 equiv.) was added to a solution
of substrate 1 (0.25 mmol) in DMSO (2.0 mL). The reaction
mixture was stirred at 40 ◦C or 60 ◦C for the period of time
indicated in Table 2. After the reaction was complete (as indicated
by TLC,) the mixture was washed with water and extracted with
ethyl acetate. The organic extracts were dried (MgSO4), filtered,
and concentrated under reduced pressure. Purification by column
chromatography on silica gel afforded the corresponding product.
All the products are known compounds, and their data was
identical to that in the literature.4–7,11–14


4-Methyl-N-(2-(phenylthio)cyclohexyl)benzenesulfonamide6a (2a).
1H NMR (500 MHz, d6-DMSO) d 1.20–1.50 (m, 4H), 1.50–1.75
(m, 2H), 2.00–2.10 (m, 1H), 2.20–2.30 (m, 1H), 2.45 (s, 3H), 3.00
(t, J = 11.4 Hz, 1H), 3.10 (t, J = 11.1 Hz, 1H), 7.10–7.30 (m, 7H),
7.63 (d, J = 8.2 Hz, 2H), 7.80 (d, J = 7.5 Hz, 1H); EIMS: 361
(M+); Calc. for C19H23NO2S2: C, 63.13; H, 6.41; N, 3.87. Found:
C, 63.07; H, 6.48; N, 3.91%.


N-(2-(4-Methoxyphenylthio)cyclohexyl)-4-methylbenzenesulfona-
mide7 (2b). 1H NMR (500 MHz, CDCl3): d 1.26–1.31 (m, 3H),
1.57–1.61 (m, 3H), 1.96–1.99 (m, 1H), 2.31–2.33 (m, 1H), 2.45 (s,
3H), 2.67–2.68 (m, 1H), 2.88–2.90 (m, 1H), 3.80 (s, 3H), 5.27 (s,
1H), 6.77 (d, J = 8.63 Hz, 2H), 7.19 (d, J = 8.66 Hz, 2H), 7.30
(d, J = 8.08 Hz, 2H), 7.76 (d, J = 8.11 Hz, 2H).


N -(2-(4-Chlorophenylthio)cyclohexyl)-4-methylbenzenesulfona-
mide12 (2c). 1H NMR (500 MHz, CDCl3): d 1.26 (m, 3H),
1.39–1.40 (m, 1H), 1.56–1.63 (m, 2H), 1.98–2.01 (m, 1H),
2.21–2.23 (m, 1H), 2.44 (s, 3H), 2.92–2.93 (m, 1H), 2.99–3.00 (m,
1H), 5.27 (d, J = 4.7 Hz, 1H), 7.18–7.22 (m, 4H), 7.26–7.29 (m,
2H), 7.73 (d, J = 8.20 Hz, 2H).


N-(2-(Benzylthio)cyclohexyl)-4-methylbenzenesulfonamide7 (2d).
1H NMR (500 MHz, CDCl3): d 1.18–1.25 (m, 3H), 1.38–1.45 (m,
1H), 1.58–1.63 (m, 3H), 2.00–2.02 (m, 1H), 2.23–2.25 (m, 1H), 2.41


(s, 3H), 2.91 (m, 1H), 3.50–3.59 (m, 2H), 5.04 (s, 1H), 7.22–7.32
(m, 7H), 7.76 (d, J = 8.4 Hz, 2H).


4-Methyl-N-(2-(phenylthio)cyclopentyl)benzenesulfonamide7 (2e).
1H NMR (500 MHz, CDCl3): d 1.47–1.51 (m, 1H), 1.54–1.60 (m,
1H), 1.65–1.71 (m, 2H), 2.09–2.14 (m, 2H), 2.43 (s, 3H), 3.27–3.34
(m, 2H), 4.80 (d, J = 4.2 Hz, 1H), 7.25–7.28 (m, 7H), 7.66 (d, J =
8.1 Hz, 2H).


N-(2-(Phenylthio)cyclohexyl)benzenamine13 (2f). 1H NMR
(400 MHz, CDCl3): d 1.21–1.42 (m, 3H), 1.49–1.60 (m, 1H), 1.62–
1.78 (m, 2H), 2.07–2.10 (m, 1H), 2.31–2.34 (m, 1H), 3.07–3.08
(m, 1H), 3.15–3.20 (m, 1H), 4.03 (s, 1H), 6.53 (d, J = 7.84 Hz,
2H), 6.68–6.70 (m, 1H), 7.10–7.19 (m, 2H), 7.25–7.27 (m, 3H),
7.36–7.42 (m, 2H).


N-(2-(Phenylthio)cyclohexyl)benzamide6a (2g). 1H NMR
(400 MHz, CDCl3): d 1.21–1.33 (m, 4H), 1.68–1.72 (m, 2H),
2.12–2.13 (m, 1H), 2.30–2.33 (m, 1H), 3.07–3.09 (m, 1H),
3.91–3.93 (m, 1H), 6.39 (d, J = 7.8 Hz, 1H), 7.22–7.25 (m, 3H),
7.36–7.44 (m, 5H), 7.68 (d, J = 7.32 Hz, 2H).


4-Methyl-N-(1-(phenylthio)hexan-2-yl)benzenesulfonamide12 (2h).
1H NMR (400 MHz, CDCl3): d 0.83 (t, J = 7.32 Hz, 3H), 1.02–
1.18 (m,4H), 1.31–1.41 (m, 1H), 1.58–1.69 (m, 1H), 2.39 (s, 3H),
2.78–2.80 (m, 1H), 3.12–3.17 (m, 1H), 3.29–3.39 (m, 1H), 4.90 (d,
J = 7.32 Hz, 1H), 7.22–7.26 (m, 7H), 7.65 (d, J = 7.84 Hz, 2H).


N -(1-(4-Chlorophenylthio)hexan-2-yl)-4-methylbenzenesulfona-
mide12 (2i). 1H NMR (400 MHz, CDCl3): d 0.83 (t, J = 7.32 Hz,
3H), 0.98–1.24 (m, 4H), 1.31–1.41 (m, 1H), 1.58–1.61 (m, 1H),
2.40 (s, 3H), 2.78–2.81 (m, 1H), 3.12–3.17 (m, 1H), 3.24–3.33 (m,
1H), 4.98 (d, J = 7.84 Hz, 1H), 7.19–7.23 (m, 6H), 7.66 (d, J =
8.28 Hz, 2H).


4-Methyl-N-(1-phenyl-2-(phenylthio)ethyl)benzenesulfonamide6a


(2j). 1H NMR (400 MHz, CDCl3): d 2.36 (s, 3H), 3.16–3.21 (m,
2H), 4.26–4.32 (m, 1H), 5.36 (d, J = 3.92 Hz, 1H), 7.05–7.12 (m,
4H), 7.18–7.30 (m, 6H), 7.50 (d, J = 7.8 Hz, 2H), 7.62 (d, J =
7.8 Hz, 2H).


4-Methyl-N-(2-phenyl-2-(phenylthio)ethyl)benzenesulfonamide6a


(3j). 1H NMR (400 MHz, CDCl3): d 2.43(s, 3H), 3.35–3.40 (m,
2H), 4.13 (t, J = 7.32 Hz, 1H), 4.75 (s, 1H), 7.05–7.12 (m, 4H),
7.18–7.30 (m, 6H), 7.50 (d, J = 7.8 Hz, 2H), 7.62 (d, J = 7.8 Hz,
2H).


N -(1-(4-Chlorophenyl)-2-(phenylthio)ethyl)-4-methylbenzene-
sulfonamide12 (2k). 1H NMR (400 MHz, CDCl3): d 2.37 (s, 3H),
3.12–3.14 (m, 2H), 4.21–4.28 (m, 1H), 5.55 (s, 1H), 7.00 (d, J =
7.8 Hz, 2H), 7.10–7.12 (m, 2H), 7.16–7.26 (m, 7H), 7.49 (d, J =
7.8 Hz, 2H).


N -(2-(4-Chlorophenyl)-2-(phenylthio)ethyl)-4-methylbenzene-
sulfonamide12 (3k). 1H NMR (400 MHz, CDCl3): d 2.43 (s, 3H),
3.30–3.35 (m, 2H), 4.14 (t, J = 7.84 Hz, 1H), 4.92 (s, 1H), 7.03 (d,
J = 7.8 Hz, 2H), 7.10–7.12 (m, 2H), 7.16–7.26 (m, 7H), 7.63 (d,
J = 7.8 Hz, 2H).


4-Methyl-N -(2-(phenylamino)cyclohexyl)benzenesulfonamide6a


(2l). 1H NMR (400 MHz, CDCl3): d 1.0–1.07 (m, 1H), 1.20–1.31
(m, 3H), 1.65 (d, J = 11.76 Hz, 2H), 2.0–2.04 (m, 1H), 2.15–2.18
(m, 1H), 2.44 (s, 3H), 2.90 (dt, J = 9.76, 2.92 Hz, 1H), 3.04 (dt, J =
9.76, 2.92 Hz, 1H), 3.43 (s, 1H), 5.04 (s, 1H), 6.47 (d, J = 7.84 Hz,
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2H), 6.69 (t, J = 7.32 Hz, 1H), 7.11–7.13 (m, 2H), 7.27–7.29 (m,
2H), 7.75 (d, J = 8.28 Hz, 2H).


N -(2-(4-Methoxyphenylamino)cyclohexyl)-4-methylbenzenesul-
fonamide7 (2m). 1H NMR (500 MHz, CDCl3): d 0.97–1.00 (m,
1H), 1.21–1.31 (m, 3H), 1.65–1.67 (m, 2H), 2.05–2.12 (m, 2H),
2.46 (s, 3H), 2.80–2.83 (m, 1H), 2.90–2.92 (m, 2H), 3.75 (s, 3H),
5.01 (d, J = 4.1 Hz, 1H), 6.46 (d, J = 8.8 Hz, 2H), 6.75 (d, J =
8.9 Hz, 2H), 7.32 (d, J = 8.0 Hz, 2H), 7.76 (d, J = 8.2 Hz, 2H).


N -(2-(4-Fluorophenylamino)cyclohexyl)-4-methylbenzenesulfo-
namide7 (2n). 1H NMR (400 MHz, CDCl3): d 1.04–1.29 (m, 4H),
1.64–1.66 (m, 2H), 1.97–1.98 (m, 1H), 2.13–2.17 (m, 1H), 2.42 (s,
3H), 2.83 (m, 1H), 2.94–2.98 (m, 2H), 5.08 (d, J = 5.0 Hz, 1H),
6.44–6.46 (m, 2H), 6.85–6.87 (m, 2H), 7.26–7.30 (m, 2H), 7.75 (d,
J = 8.2 Hz, 2H).


4-Methyl-N -(2-(phenylamino)cyclopentyl)benzenesulfonamide7


(2p). 1H NMR (500 MHz, CDCl3): d 1.26–1.46 (m, 2H), 1.68–
1.71 (m, 2H), 1.88–1.90 (m, 1H), 2.17–2.21 (m, 1H), 2.42 (s, 3H),
3.40–3.51 (m, 2H), 4.91 (d, J = 6.1 Hz, 1H), 6.53–6.58 (m, 2H),
6.70–6.73 (m, 1H), 7.11–7.15 (m, 2H), 7.26–7.27 (m, 2H), 7.76 (d,
J = 8.2 Hz, 2H).


N 1,N 2-Diphenylcyclohexane-1,2-diamine5d (2q). 1H NMR
(400 MHz, CDCl3): d 1.22–1.28 (m, 2H), 1.38–1.42 (m, 2H),
1.76–1.78 (m, 2H), 2.33–2.36 (m, 2H), 3.18–3.20 (m, 2H), 3.81 (s,
2H), 6.60–6.62 (m, 4H), 6.68–6.72 (m, 2H), 7.15–7.17 (m, 4H).


4-Methyl-N -(1-(phenylamino)hexan-2-yl)benzenesulfonamide14


(2r). 1H NMR (400 MHz, CDCl3): d 0.83 (t, J = 6.84 Hz, 3H),
1.02–1.20 (m, 4H), 1.31–1.39 (m, 1H), 1.45–1.50 (m, 1H), 2.41 (s,
3H), 3.04–3.05 (m, 1H), 3.12–3.14 (m, 1H), 3.35–3.37 (m, 1H),
3.92 (s, 1H), 4.79 (d, J = 7.32 Hz, 1H), 6.48 (d, J = 8.32 Hz, 2H),
6.70 (t, J = 7.32 Hz, 1H), 7.10–7.15 (m, 2H), 7.20–7.26 (m, 2H),
7.75 (d, J = 8.32 Hz, 2H).


4-Methyl-N-(1-phenyl-2-(phenylamino)ethyl)benzenesulfonamide7


(2s). 1H NMR (400 MHz, CDCl3): d 2.38 (s, 3H), 3.12–3.18
(m, 1H), 3.29–3.38 (m, 1H), 4.35–4.40 (m, 1H), 5.10 (s, 1H),
5.52 (d, J = 3.92 Hz, 1H), 7.08–7.12 (m, 2H), 7.41–7.48 (m,
2H), 7.53–7.61 (m, 6H), 7.76 (d, J = 8.32 Hz, 2H), 7.83 (d, J =
8.32 Hz, 2H).


4-Methyl-N-(2-phenyl-2-(phenylamino)ethyl)benzenesulfonamide7


(3s). 1H NMR (400 MHz, CDCl3): d 2.39 (s, 3H), 3.12–3.18 (m,
1H), 3.29–3.38 (m, 1H), 4.25–4.30 (m, 1H), 4.51 (s, 1H), 5.01 (t,
J = 6.36 Hz, 1H), 6.45 (d, J = 7.84 Hz, 2H), 6.66 (t, J = 7.36 Hz,
2H), 7.01–7.12 (m, 6H), 7.50 (d, J = 7.8 Hz, 2H), 7.62 (d, J =
7.8 Hz, 2H).


N -(1-(4-Chlorophenyl)-2-(phenylamino)ethyl)-4-methylbenzene-
sulfonamide14 (2t). 1H NMR (400 MHz, CDCl3): d 2.34 (s, 3H),
3.08–3.18 (m, 1H), 3.24–3.31 (m, 1H), 4.41–4.46 (m, 1H), 5.72 (s,
1H), 5.79 (d, J = 6.36 Hz, 1H), 6.72 (d, J = 8.28 Hz, 2H), 7.14–
7.28 (m, 5H), 7.41 (d, J = 8.28 Hz, 2H), 7.51 (d, J = 8.32 Hz, 2H),
7.75 (d, J = 8.32 Hz, 2H).


N -(2-(4-Chlorophenyl)-2-(phenylamino)ethyl)-4-methylbenzene-
sulfonamide14 (3t). 1H NMR (400 MHz, CDCl3): d 2.43 (s, 3H),
3.08–3.18 (m, 1H), 3.24–3.31 (m, 1H), 4.34–4.39 (m, 1H), 4.59 (s,
1H), 5.27 (t, J = 5.4 Hz, 1H), 6.41 (d, J = 8.28 Hz, 2H), 6.66 (t,
J = 7.32 Hz, 1H), 7.01–7.08 (m, 3H), 7.20–7.24 (m, 5H), 7.69 (d,
J = 8.32 Hz, 2H).


N-(2-Azidocyclohexyl)-4-methylbenzenesulfonamide11b (2u).
1H NMR (500 MHz, CDCl3): d 1.18–1.31 (m, 4H), 1.63–1.68 (m,
2H), 2.00–2.03 (m, 2H), 2.43 (s, 3H), 2.92–2.96 (m, 1H), 3.08–3.10
(m, 1H), 5.18 (d, J = 6.25 Hz, 1H), 7.31 (d, J = 8.28, 2H), 7.81
(d, J = 8.28 Hz, 2H).


N-(2-Chlorocyclohexyl)-4-methylbenzenesulfonamide11b (2v).
1H NMR (400 MHz, CDCl3): d 1.20–1.30 (m, 3H), 1.61–1.71 (m,
3H), 2.12–2.27 (m, 2H), 2.43 (s, 3H), 3.11–3.12 (m, 1H), 3.72–3.74
(m, 1H), 5.20 (d, J = 4.88 Hz, 1H), 7.30 (d, J = 7.84 Hz, 2H),
7.78 (d, J = 8.32 Hz, 2H).


N-(2-Azidocyclopentyl)-4-methylbenzenesulfonamide11b (2w).
1H NMR (500 MHz, CDCl3): d 1.36–1.41 (m, 1H), 1.59–1.69 (m,
3H), 1.95–2.00 (m, 2H), 2.44 (s, 3H), 3.37–3.42 (m, 1H), 3.70–3.73
(m, 1H), 4.72 (d, J = 6.25 Hz, 1H), 7.31 (d, J = 7.8 Hz, 2H), 7.79
(d, J = 8.2 Hz, 2H).


N-(1-Azidohexan-2-yl)-4-methylbenzenesulfonamide11b (2x).
1H NMR (400 MHz, CDCl3): d 0.83 (t, J = 7.32 Hz, 3H),
1.06–1.26 (m, 4H), 1.34–1.48 (m, 2H), 2.43 (s, 3H), 3.30–3.40 (m,
3H), 5.01 (d, J = 7.36 Hz, 1H), 7.31 (d, J = 7.80 Hz, 2H), 7.78
(d, J = 7.84 Hz, 2H).


N-(1-Chlorohexan-2-yl)-4-methylbenzenesulfonamide11b (2y).
1H NMR (400 MHz, CDCl3): d 0.84 (t, J = 6.84 Hz, 3H),
1.10–1.26 (m, 4H), 1.40–1.60 (m, 2H), 2.40 (s, 3H), 3.44–3.51 (m,
3H), 5.00 (d, J = 8.32 Hz, 1H), 7.31 (d, J = 7.80 Hz, 2H), 7.77
(d, J = 7.80 Hz, 2H).
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Short and high-yielding syntheses of enantiomerically pure (S)-(+) and (R)-(−)-abscisic acid are
described. The syntheses proceed through key intermediates that preferentially recrystallise as single
diastereoisomers for each enantiomer. This route allows the preparation of either enantiomer of
abscisic acid in ca. 30% overall yield, and as demonstrated, gives access to an enantiomerically pure
abscisic acid analogue.


Introduction


Abscisic acid (Fig. 1) is an important phytohormone implicated
in many aspects of plant growth and development. Its role in
transpiration,1 seed germination,2 embryo maturation3 and a num-
ber of stress responses4 has been well characterised. The sesquiter-
pene exists naturally in higher plants as the dextrorotatory
enantiomer 1 that has attracted considerable attention. Substantial
effort has been directed towards the elucidation of its signalling
pathways using affinity-based methods with enantiomerically pure
abscisic acid analogues to identify binding proteins.5 The recent
discovery of an abscisic acid receptor crucially depended on the
successful preparation of an active conjugate of the plant hormone
and demonstrates the need for reliable methods of preparing other
analogues.6


Fig. 1 The structure of (S)-(+)-abscisic acid (1) with formal atom
numbering and (R)-(−)-abscisic acid (2).


Modification of the abscisic acid side-chain is an attractive
approach for conjugation to supports and labels, but must be
done without substantially altering either the carboxylic acid,
or alkene geometry as these have been shown to be essential
for biological activity.7 In previous syntheses of abscisic acid the
carbon skeleton of the side-chain has been added in one step,8b,c,10a


limiting the opportunity to introduce the additional functionality
required for our studies. Hence, following the work of Mayer9c and
Abrams11b we present a new synthetic route to enantiomerically
pure (S)-(+) and (R)-(−)-abscisic acid that also allows access to
enantiomerically pure analogues. We demonstrate the versatility
of this route by preparing a novel enantiomerically pure abscisic


Department of Chemistry, University of Warwick, Coventry, UK CV4 7AL.
E-mail: a.marsh@warwick.ac.uk
† Electronic supplementary information (ESI) available: Copies of NMR
spectra for compounds 7, 9, 10, 16–19 and 3. 1H NMR spectra and GC-
MS data for compounds 7 and 14 indicating their level of diasteromeric
purity. The procedure for the synthesis of (R)-(−)-abscisic acid including
full compound characterisation data. See DOI: 10.1039/b611880a


acid analogue that is identical to (S)-(+)-abscisic acid with the
exception of an additional hydroxyl group on C6, Fig. 2. This new
functionality will be used for conjugation of abscisic acid to other
biologically useful molecules such as biotin or fluorescein without
disrupting pre-existing functional groups.


Fig. 2 (S)-(+)-6-Hydroxyabscisic acid (3).


Several formal syntheses of racemic8 and enantiomerically
pure abscisic acid9 have been reported, however they all fail
on at least one of the criteria required for efficiency, which
are measured as a low number of steps, the availability of
starting materials and high yields. Our new preparation of either
enantiomer proceeds in ca. 30% overall yield in six linear steps
from commercially available 4-oxoisophorone (4, Scheme 1),
also used as a starting material for other syntheses of abscisic
acid10 and analogues.11 Crucially, the side-chain components are
easily obtained which represents a significant improvement over
previous syntheses where starting materials are either no longer
commercially available,10a or require multi-step preparation from


Scheme 1 Reagents and conditons: (i) 5, TsOH, toluene, reflux 24 h (91%);
(ii) LDA, trimethylsilylacetylene, THF, −78 ◦C to rt, 1 h, then (iii) K2CO3,
MeOH, 2 h (71%).
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other compounds.9 In this new synthesis the [2(Z),4(E)] side chain
is constructed stereospecifically from trimethylsilylacetylene and
(Z)-3-iodobut-2-en-1-ol, prepared in one step by reduction of
commercially available but-2-yn-1-ol with Red-Al R© (sodium bis(2-
methoxyethoxy)aluminium hydride), followed by iodine quench.12


The desired stereochemistry at C1′ is obtained without chromato-
graphic separation of diastereoisomers, thus preserving the overall
efficiency of this synthesis and making it an attractive alternative to
other syntheses.


Results and discussion


Previous work has seen the less hindered carbonyl of 4-
oxoisophorone (4) protected with (2S,3S)-(+)-2,3-butanediol (5)
to form the cyclic ketal 6.11b Alkynylation proceeded in a
diastereoselective fashion with the major product bearing the
same configuration as (S)-(+)-abscisic acid. Additionally, 4-
oxoisophorone, achirally protected at the C4′ carbonyl, has been
shown to give a crystalline product after alkynylation with lithio
trimethylsilylacetylene followed by deprotection.10b We found that
when 6 was similarly processed and slowly recrystallised from
petroleum ether, 7 was obtained in 71% yield as lustrous white
needles that were of a single diastereoisomer (Scheme 1). X-
Ray crystallography‡ showed this key intermediate 7 to have the
same configuration at the new stereocentre as (S)-(+)-abscisic acid
(Fig. 3). The initial addition proceeds with dr = 3 : 1 estimated by
integration of NMR signals in the crude mixture at, for example
5.38 and 5.40 ppm. Upon a single recrystallisation from 40–
60◦ petroleum ether, no minor diastereomer was visible either
by 1H NMR or more rigorously by GC-MS. The dr after one
recrystallisation is hence estimated at ≥99 : 1 (see the ESI†).


Extension of the side chain by Sonogashira cross-coupling of
7 with (Z)-3-iodobut-2-en-1-ol (8) was achieved in 94% yield
(Scheme 2). The attempted reduction of acetylene 9 with LiAlH4


was unsuccessful, but, treatment with Red-Al R© gave the required
4(E)-alkene with highest yields obtained when following aqueous
quench, the reaction was stirred for 1 h before further work-up.


‡ CCDC reference number 618045. For crystallographic data in CIF
format see DOI: 10.1039/b611880a


Fig. 3 The X-ray molecular structure of 7 with thermal ellipsoids at 50%
probability; note crystallographic numbering used differs from Fig. 1.‡


Oxidation of the primary alcohol 10 was performed cleanly
in two steps via aldehyde 11 prepared using tetrapropylammo-
nium perruthenate and 4-N-methylmorpholine-N-oxide as the co-
oxidant,13 followed by further oxidation using sodium chlorite with
added 2-methyl-2-butene as a chlorine scavenger.14 The cyclic ketal
protecting group was removed during the acidic work-up to give
(S)-(+)-abscisic acid (1) in ca. 30% overall yield with data identical
to both natural15 and previously synthesised material.9a–c


The enantiomer, (R)-(−)-abscisic acid (2) was synthesised
analogously from the enantiomer of 6 by selectively protect-
ing 4-oxoisophorone (4) with (2R,3R)-(−)-2,3-butanediol (12,
Scheme 3). The resultant (2R,3R)-(−)-2,3-butanediol ketal of 4-
oxoisophorone (13) imparts the opposite facial selectivity com-
pared to 6 during the alkynylation with the lithio anion of
trimethylsilylacetylene, giving key intermediate 14 after in situ
removal of the trimethylsilyl protecting group. In similar fashion
to the natural enantiomeric series, after a single recrystallisation a
dr ≥99 : 1 (estimated from GC-MS; see the ESI†) was achieved.
The trend for difference in yields (60% vs. 71% for the (S)-(+)-
enantiomer) for this key C–C bond formation with concomitant
deprotection was observed over several runs of this reaction.
Subsequent coupling of the side chain and oxidation proceeded


Scheme 2 Reagents and conditions: (i) 8, CuI, PdCl2(PPh3)2, toluene, 1.5 h (94%); (ii) Red-Al R©, THF, −78 ◦C to rt, 3 h (88%); (iii) NMO, TPAP, 4 Å
mol. sieves, DCM, 20 min (95%); (iv) NaClO2, KH2PO4, 2-methyl-2-butene, tBuOH, H2O, 20 h, then (v) HCl (aq) (61%).
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Scheme 3 Reagents and conditions: (i) 12, TsOH, toluene, reflux 24 h
(94%); (ii) LDA, trimethylsilylacetylene, THF, −78 ◦C to rt, 1 h, then (iii)
K2CO3, MeOH, 2 h (60%).


with the same reagents and conditions, leading to (R)-(−)-abscisic
acid (2, see the ESI for details†).


The new analogue, (S)-(+)-6-hydroxyabscisic acid (3) was
prepared from the key diastereoisomerically-pure intermediate 7
and mono-protected vinyl iodide 15 (Scheme 4). Synthesis of 15
was achieved in two steps by desymmetrisation of but-2-yne-1,4-
diol with tert-butylchlorodiphenylsilane16 followed by reduction
with Red-Al R© and iodine quench.17 Sonogashira cross-coupling
of 7 with 15 was performed under a reducing atmosphere of
nitrogen diluted hydrogen to reduce Hay coupling,18 a problem
not observed when preparing abscisic acid itself. Reduction of
acetylene 16 with Red-Al R© proceeded in low yield despite efforts
at optimisation including varying reaction time, temperature and
reagent stoichiometry. Incompatibility between the silyl protect-
ing group and aluminium reducing agent appear likely since
deprotection and silyl migration have been observed previously
with this combination.19 Following oxidation of the C1 alcohol


and hydrolysis of the cyclic ketal the silyl protecting group was
removed using tetrabutylammonium fluoride to give (S)-(+)-6-
hydroxyabscisic acid (3).


Conclusion


We have developed short, efficient syntheses of enantiomerically
pure (S)-(+) and (R)-(−)-abscisic acid. This enhanced route enjoys
a number of improvements over previous methods including
commercially available and easily prepared starting materials,
and high yield of a key stereochemically defined intermediate.
Uniquely, this route also allows access to new side-chain analogues
that are finding application in the elucidation of abscisic acid’s
multiple biological activities.20


Experimental


Unless otherwise noted, all materials were obtained from commer-
cial sources and used without further purification. Toluene was
freshly distilled from sodium and THF from potassium. Column
chromatography was performed on Merck silica gel 60 H (230–
400 mesh). Melting points were recorded on a Gallenkamp melting
point apparatus and are uncorrected. Optical rotations (given in
10−1 deg cm2 g−1) were measured on an Optical Activity AA-1000
polarimeter. IR spectra were recorded on a Perkin-Elmer Paragon
1000 FT-IR instrument. 1H and 13C NMR spectra were recorded
using a Bruker DPX400 at 400 and 100 MHz respectively. NMR
spectra were recorded in the indicated solvent and chemical shifts
(d) are reported in ppm relative to residual non-deuterated solvent
as an internal standard. J-Values are given in Hz. Elemental
analysis was performed on an Exeter Analytical CE440 machine by
the Warwick Analytical Service. LSIMS and EI mass spectroscopy
was performed on a Micromass Autospec mass spectrometer. GC-
MS data was collected on a Varian 4000 GC-MS fitted with


Scheme 4 Reagents and conditions: (i) 15, CuI, PdCl2(PPh3)2, toluene, N2–H2 atm, 1 h (69%); (ii) Red-Al R©, THF, −78 ◦C to rt, 1 h (24%); (iii) NMO,
TPAP, 4 Å molecular sieves, DCM, 15 min (86%); (iv) NaClO2, KH2PO4, 2-methyl-2-butene, tBuOH–H2O, 20 h, then (v) HCl (aq) (68%); (vi) Bu4N+F−,
THF, 20 h (91%). TBDPS = tert-butyldiphenylsilane.
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an autosampler and a FactorFourTM Capillary column number
VF-5 ms operating a temperature programme from 50–250 ◦C
increased at 5 ◦C per min.


Preparation of (S)-(+)-abscisic acid


(2S,3S)-2,3,7,9,9-Pentamethyl-1,4-dioxaspiro[4.5]dec-6-en-8-
one (6). 4-Oxoisophorone (4.22 g, 27.7 mmol, 1 eq.), 2S,3S-(+)-
2,3-butanediol (3.0 g, 33.3 mmol, 1.2 eq.) and p-toluenesulfonic
acid (160 mg) in toluene (40 ml) were heated under reflux for 24 h
using a Dean–Stark trap. The mixture was cooled and washed
with saturated NaHCO3 solution (30 ml). The organic layer was
separated and the aqueous layer extracted with diethyl ether (3 ×
30 ml). The combined organics were dried over mgSO4 and the
solvent removed under reduced pressure. The crude product was
purified by column chromatography (silica, 20% diethyl ether in
hexane) to yield the title product 6 as a pale yellow oil (5.66 g,
91%). Rf 0.51 (30% diethyl ether in hexane); [a]20


D = −16.1 (c 0.97,
MeOH) (lit.,11b [a]20


D = −15.7); vmax(film) 1674, 1092, 969 cm−1; dH


(400 MHz, CDCl3) 1.17 (s, 3H), 1.22 (s, 3H), 1.27–1.30 (m, 6H),
1.79 (d, J = 1.5, 3H), 2.05 (dd, J = 1.5, 14.0, 1H), 2.13 (d, J = 14.0,
1H), 3.61–3.71 (m, 2H), 6.33 (t, J = 1.3, 1H); dC (100 MHz, CDCl3)
16.2 (CH3), 16.6 (CH3), 16.8 (CH3), 26.3 (CH3), 26.8 (CH3), 42.1
(CH2), 47.5 (C), 78.4 (2 × CH), 102.9 (C), 135.2 (C), 141.3 (CH),
204.4 (C); MS (EI): m/z requires (C13H21O3) 225, found 225, 100%,
[M + H]+.


(2S,3S,8R) -8-(Ethynyl)-2,3,7,9,9-pentamethyl-1,4-dioxaspiro-
[4.5]dec-6-en-8-ol (7). Trimethylsilylacetylene (6.14 g, 62.5 mmol,
2.5 eq.) was added slowly to a stirred solution of LDA (34.7 ml of a
1.8 M solution of LDA in THF–heptane–ethylbenzene, 2.5 eq.) in
THF (200 ml) at −78 ◦C under a nitrogen atmosphere. The mixture
was stirred for 15 min, then (2S,3S)-2,3,7,9,9-pentamethyl-1,4-
dioxaspiro[4.5]dec-6-en-8-one (6, 5.60 g, 25.0 mmol, 1 eq.) in
THF (30 ml) was introduced dropwise and the mixture allowed
to attain room temperature. After 1 h the reaction was quenched
with saturated NH4Cl (100 ml) and extracted with diethyl ether
(3 × 100 ml). The combined organic extracts were washed with
water (200 ml) then brine (200 ml) and dried over MgSO4. The
solvent was removed under reduced pressure to yield a pale yellow
residue that was dissolved in methanol (150 ml) and treated with
K2CO3 (20.0 g). The suspension was stirred vigorously for 2 h, then
concentrated under reduced pressure. Water (50 ml) was added
and the product extracted with diethyl ether (3 × 50 ml). The
combined organics were washed with water (100 ml) then brine
(100 ml) and dried over MgSO4. The solvent was removed under
reduced pressure and the residue (a mixture of diastereoisomers,
76 : 24, determined by NMR) recrystallised slowly from petroleum
ether (40–60◦) to give the title product 7 as white needles (4.42 g,
71%). (Found: C, 72.03; H, 8.89% C15H22O3 requires C, 71.97;
H, 8.86%); mp 140–141 ◦C (petroleum ether); [a]20


D = +122.4 (c
1.00, MeOH); mmax(solid) 3427, 3285, 1090, 991, 948 cm−1; dH


(400 MHz, CDCl3) 1.08 (s, 3H), 1.16 (s, 3H), 1.23–1.26 (m, 6H),
1.82 (dd, J = 1.2, 14.0, 1H), 1.90 (s, 3H), 1.94 (s, 1H), 2.06 (d,
J = 14.0, 1H), 2.49 (s, 1H), 3.53–3.63 (m, 2H), 5.38–5.39 (m,
1H); dC (100 MHz, CDCl3) 16.7 (CH3), 16.8 (CH3), 18.4 (CH3),
22.0 (CH3), 25.5 (CH3), 39.2 (C), 45.6 (CH2), 74.0 (CH), 74.5 (C),
77.9 (CH), 78.0 (CH), 84.2 (C), 103.8 (C), 125.4 (CH), 140.0 (C);


HRMS (EI): m/z requires (C15H22O3) 250.1569, found 250.1563,
48%, [M]+.


(2S,3S,8R)-8-(5-Hydroxy-3-methylpent-3-en-1-ynyl)-2,3,7,9,9-
pentamethyl-1,4-dioxaspiro[4.5]dec-6-en-8-ol (9). Copper iodide
(86 mg, 15% mol) and PdCl2(PPh3)2 (211 mg, 10% mol), in
dry deoxygenated toluene (35 ml) under a nitrogen atmosphere
was treated with (Z)-3-iodobut-2-en-1-ol (8, 1.19 g, 6.0 mmol,
2 eq.) and (2S,3S,8R)-8-(ethynyl)-2,3,7,9,9-pentamethyl-1,4-
dioxaspiro[4.5]dec-6-en-8-ol (7, 765 mg, 3.0 mmol, 1 eq.). Diiso-
propylamine (0.84 ml, 6.0 mmol, 2 eq.) was added dropwise and
the mixture stirred for 1.5 h. Saturated NH4Cl solution (30 ml)
was added and the organic layer separated. The aqueous layer was
extracted with diethyl ether (3 × 30 ml) and the combined organics
dried over MgSO4. The solvent was removed under reduced
pressure and the product purified by column chromatography
(silica, 30% EtOAc in hexane) to yield the title product 9 as a
pale yellow oil (899 mg, 94%). Rf 0.19 (40% EtOAc in hexane);
[a]20


D = +168.2 (c 1.00, MeOH) (lit.,11b [a]20
D = +163.3); mmax(film)


3378, 1090, 982, 947 cm−1; dH (400 MHz, CDCl3) 1.10 (s, 3H),
1.15 (s, 3H), 1.24–1.26 (m, 6H), 1.83 (dd, J = 1.0, 14.0, 1H),
1.86 (s, 3H), 1.91 (s, 3H), 2.04 (d, J = 14.0, 1H), 2.20 (s, br,
1H), 3.53–3.63 (m, 2H), 4.26 (d, J = 6.8, 2H), 5.37 (s, 1H), 5.86–
5.89 (m, 1H); dC (100 MHz, CDCl3) 16.7 (CH3), 16.7 (CH3), 18.6
(CH3), 22.2 (CH3), 23.0 (CH3), 25.7 (CH3), 39.6 (C), 45.8 (CH2),
61.1 (CH2), 75.0 (C), 77.9 (CH), 78.0 (CH), 83.9 (C), 94.7 (C),
103.9 (C), 120.7 (C), 125.0 (CH), 136.1 (CH), 140.4 (C); HRMS
(LSIMS): m/z requires (C19H26O3) 302.1882, found 302.1865,
84%, [M-H2O]+.


(2S,3S,8S)-8-(5-Hydroxy-3-methyl-2,4-pentadienyl)-2,3,7,9,9-
pentamethyl-1,4-dioxaspiro[4.5]dec-6-en-8-ol (10). To a stirred
solution of (2S,3S,8R)-8-(5-hydroxy-3-methylpent-3-en-1-
ynyl)-2,3,7,9,9-pentamethyl-1,4-dioxaspiro[4.5]dec-6-en-8-ol (9,
635 mg, 1.9 mmol, 1 eq.) in dry deoxygenated THF (15 ml)
at −78 ◦C under a nitrogen atmosphere was added Red-Al R©


(1.19 ml of a 3.2 M solution in toluene, 3.8 mmol, 2 eq.) via
syringe. The reaction was allowed to warm to room temperature
and stirred for 3 h. It was then cooled in an ice bath and water
(15 ml) was carefully added dropwise and stirring continued at
room temperature for 1 h. (Caution: unreacted Red-Al R© reacts
violently with water.) The organic layer was separated and the
aqueous layer extracted with diethyl ether (3 × 15 ml). The
combined organics were washed with brine (50 ml) and dried
over MgSO4. The solvent was removed under reduced pressure
and the product purified by column chromatography (silica, 25%
hexane in diethyl ether) to yield the title alcohol 10 as a viscous
oil (538 mg, 88%). Rf 0.12 (25% hexane in diethyl ether); [a]20


D =
+199.5 (c 0.75, MeOH) (lit.,11b [a]20


D = +239.5); mmax(film) 3389,
1091, 978, 951 cm−1; dH (400 MHz, CDCl3) 0.90 (s, 3H), 1.09 (s,
3H), 1.23 (d, J = 5.5, 3H), 1.26 (d, J = 5.5, 3H), 1.67–1.71 (m,
4H), 1.85 (d, J = 0.7, 3H), 1.93 (d, J = 14.3, 1H), 3.52–3.62 (m,
2H), 4.23–4.35 (m, 2H), 5.43 (s, 1H), 5.58 (t, J = 7.3, 1H), 5.72 (d,
J = 15.7, 1H), 6.66 (d, J = 15.7, 1H); dC (100 MHz, CDCl3) 16.6
(2 × CH3), 18.0 (CH3), 20.7 (CH3), 23.2 (CH3), 24.9 (CH3), 39.3
(C), 46.3 (CH2), 58.2 (CH2), 77.6 (CH), 78.0 (CH), 79.4 (C), 104.0
(C), 125.5 (CH), 126.1 (CH), 128.5 (CH), 132.2 (CH), 134.8 (C),
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141.6 (C); HRMS (LSIMS): m/z requires (C19H31O4) 323.2222,
found 323.2219, 35%, [M + H]+.


(2S,3S,8S)-8-(3-Methylpenta-2,4-dienal)-2,3,7,9,9-pentamethyl-
1,4-dioxaspiro[4.5]dec-6-en-8-ol (11). (2S,3S,8S)-8-(5-Hydroxy-
3-methyl-2,4-pentadienyl)-2,3,7,9,9-pentamethyl-1,4-dioxaspiro-
[4.5]dec-6-en-8-ol (10, 460 mg, 1.43 mmol, 1 eq.) was dissolved in
DCM (15 ml) and treated with 4-N-methylmorpholine-N-oxide
(250 mg, 2.1 mmol, 1.5 eq.), powdered 4 Å molecular sieves
(500 mg) and tetra-N-propyl ammonium perruthenate (TPAP)
(50 mg, 10% mol). The mixture was stirred under nitrogen for
20 min, then filtered through a short column of silica. The
column was washed with DCM and the filtrate and washings
combined. The solvent was removed under reduced pressure and
the product recrystallised from cyclohexane to yield the title
aldehyde 11 as off-white crystals (433 mg, 95%). (Found: C, 71.22;
H, 8.85%. C19H28O4 requires C, 71.22; H, 8.81%); mp 127–128 ◦C
(cyclohexane); [a]20


D = +348.4 (c 1.14, MeOH); mmax(solid) 3450,
1656, 1629, 1092, 953, 729 cm−1; dH (400 MHz, CDCl3) 0.92 (s,
3H), 1.12 (s, 3H), 1.24 (d, J = 5.5, 3H), 1.27 (d, J = 5.5, 3H), 1.67
(d, J = 1.5, 3H), 1.75 (dd, J = 1.7, 14.6, 1H), 1.95 (d, J = 14.6,
1H), 2.07 (s, 3H), 3.53–3.63 (m, 2H), 5.47–5.48 (m, 1H), 5.86 (d,
J = 8.3, 1H), 6.12 (d, J = 15.6, 1H), 7.35 (d, J = 15.6, 1H), 10.22
(d, J = 8.3, 1H); dC (100 MHz, CDCl3) 16.6 (CH3), 16.6 (CH3),
17.8 (CH3), 21.6 (CH3), 23.2 (CH3), 25.1 (CH3), 39.4 (C), 46.3
(CH2), 77.7 (CH), 78.1 (CH), 79.3 (C), 103.6 (C), 124.8 (CH),
126.4 (CH), 128.9 (CH), 139.5 (CH), 140.4 (C), 154.1 (C), 190.6
(CH); HRMS (LSIMS): m/z requires (C19H29O4) 321.2066, found
321.2068, 100%, [M + H]+.


(S)-5-(1-Hydroxy-2,6,6-trimethyl-4-oxo-2-cyclohexen-1-yl)-3-
methyl-(2Z,4E)-pentadienoic acid (1), (S)-(+)-abscisic acid. A
solution of KH2PO4 (850 mg, 6.2 mmol, 5 eq.) and sodium
chlorite (1.13 g, 12.5 mmol, 10 eq.) in water (10 ml) was added
dropwise over a period of 10 min to a stirred solution of
(2S,3S,8S)-8-(3-methylpenta-2,4-dienal)-2,3,7,9,9-pentamethyl-
1,4-dioxaspiro[4.5]dec-6-en-8-ol (11, 400 mg, 1.3 mmol, 1 eq.)
and 2-methyl-2-butene (8.0 ml) in tBuOH (20 ml). The mixture
was stirred for 20 h, then concentrated under reduced pressure.
Methanol (10 ml) was added and the mixture carefully acidified
to pH 3 with concentrated HCl (aq). After 15 min the mixture
was extracted with EtOAc (3 × 20 ml) and the combined
organics washed in brine (50 ml) and dried over MgSO4. The
solvents were removed under reduced pressure and the residue
purified by column chromatography (silica, 30% EtOAc and 3%
AcOH in hexane). The solid obtained was recrystallised from
EtOAc–hexane to give (S)-(+)-abscisic acid as white crystals
(200 mg, 61%). (Found: C, 67.91; H, 7.63%. C15H20O4 requires C,
68.16; H, 7.63%); mp 159–161 ◦C (hexane) (lit.,9c mp 161–163 ◦C);
Rf 0.27 (40% EtOAc and 3% AcOH in hexane); [a]20


D = +414.0 (c
1.00, EtOH) (lit.,9b [a]20


D = +415.3); mmax(solid) 3394, 1646, 1622,
1597, 1248 cm−1; dH (400 MHz, CDCl3) 1.04 (s, 3H), 1.12 (s, 3H),
1.94 (s, 3H), 2.05 (s, 3H), 2.30 (d, J = 17.3, 1H), 2.50 (d, J =
17.3, 1H), 5.77 (s, 1H), 5.98 (s, 1H), 6.18 (d, J = 16.0, 1H), 7.82
(d, J = 16.0, 1H); dC (100 MHz, CDCl3) 19.1 (CH3), 21.5 (CH3),
23.1 (CH3), 24.3 (CH3), 41.7 (C), 49.7 (CH2), 79.9 (C), 118.1
(CH), 127.1 (CH), 128.4 (CH), 136.9 (CH), 151.6 (C), 163.0 (C),
170.9 (C), 198.3 (C); HRMS (LSIMS): m/z requires (C15H20O4)
264.1362, found 264.1362, 100%, [M]+.


Preparation of (S)-(+)-6-hydroxyabscisic acid


(2S,3S,8R) -8-(5-Hydroxy-3- [tert-butyldiphenylsiloxymethyl]-
pent-3-en-1-ynyl)-2,3,7,9,9-pentamethyl-1,4-dioxaspiro[4.5]dec-6-
en-8-ol (16). In flame-dried glassware, (Z)-2-iodo-1-(tert-
butyldiphenylsiloxy)but-2-en-4-ol (15, 1.6 g, 3.5 mmol, 1.1 eq.),
CuI (30 mg, 5% mol) and PdCl2(PPh3)2 (109 mg, 5% mol)
were mixed in dry degassed toluene (30 ml) under a ni-
trogen atmosphere. iPr2NH (1.3 ml, 9.4 mmol, 3 eq.)
was added and the mixture purged with N2–H2 (1 : 1)
for five min. (2S,3S,8R)-8-(ethynyl)-2,3,7,9,9-pentamethyl-1,4-
dioxaspiro[4.5]dec-6-en-8-ol (7, 780 mg, 3.1 mmol, 1 eq.) in dry
degassed toluene (15 ml) was added dropwise over 10 min and
the mixture stirred for 1 h. Saturated NH4Cl solution (30 ml)
was added and the organic layer separated. The aqueous layer was
extracted with diethyl ether (3 × 30 ml) and the combined organics
dried over MgSO4. The solvent was removed under reduced
pressure and the product purified by column chromatography
(silica, 28% EtOAc in hexane) to yield the title product 16 as
a pale yellow oil (1.2 g, 69%). Rf 0.22 (40% EtOAc in hexane);
[a]20


D = +97.9 (c 1.25, MeOH); mmax(neat) 3403, 1430, 1375, 1091,
700 cm−1; dH (400 MHz, CDCl3) 1.06 (s, 3H), 1.06 (s, 9H), 1.11 (s,
3H), 1.21–1.25 (m, 6H), 1.74 (br, 1H), 1.80 (dd, J = 1.1, 14.1, 1H),
1.86 (d, J = 1.5, 3H), 2.01 (d, J = 14.1, 1H), 3.53–3.60 (m, 2H),
4.16 (d, J = 1.5, 2H), 4.34 (d, J = 6.5, 2H), 5.35 (t, J = 1.5, 1H),
6.27 (tt, J = 1.8, 6.8, 1H), 7.36–7.45 (m, 6H), 7.66 (d, J = 7.3, 4H);
dC (100 MHz, CDCl3) 16.7 (CH3), 16.7 (CH3), 18.6 (CH3), 19.3
(C), 22.2 (3 × CH3), 25.8 (CH3), 26.8 (CH3), 39.6 (C), 45.7 (CH2),
60.9 (CH2), 65.5 (CH2), 75.1 (C), 77.7 (CH), 78.0 (CH), 81.2 (C),
96.1 (C), 103.9 (C), 124.2 (C), 125.1 (CH), 127.8 (4 × CH), 129.8
(2 × CH), 133.2 (2 × CH), 134.8 (CH), 135.5 (4 × CH), 140.2
(C); HRMS (LSIMS): m/z requires (C35H45O5Si) 573.3026, found
573.3036, 100%, [M–H]+.


(2S,3S,8S)-8-(5-Hydroxy-3-[tert-butyldiphenylsiloxymethyl]-2,
4-pentadienyl)-2,3,7,9,9-pentamethyl-1,4-dioxaspiro[4.5]dec-6-en-
8-ol (17). (2S,3S,8R)-8-(5-Hydroxy-3-[tert-butyldiphenylsiloxy-
methyl]pent-3-en-1-ynyl)-2,3,7,9,9-pentamethyl-1,4-dioxaspiro-
[4.5]dec-6-en-8-ol (16, 800 mg, 1.4 mmol, 1 eq.) was dissolved in
anhydrous THF (80 ml) and cooled to −78 ◦C. Red-Al R© (1.75 ml
of a 3.2 M solution in toluene, 5.6 mmol, 4 eq.) was added via
syringe and the mixture allowed to attain room temperature. After
30 min the reaction was quenched by careful addition of potassium
sodium tartrate tetrahydrate (10 g) in water (40 ml). (Caution:
unreacted Red-Al R© reacts violently with water). The mixture was
stirred for 1 h, then the organic layer separated and the aqueous
layer extracted with EtOAc (3 × 50 ml). The combined organic
extracts were washed with brine (100 ml), dried over MgSO4 and
the solvent removed under reduced pressure. The product was
purified by column chromatography (silica, 30% EtOAc in hexane)
to yield the title product 17 as a viscous oil (190 mg, 24%). Rf 0.26
(40% EtOAc in hexane); [a]20


D = +105.6 (c 1.00, MeOH); mmax(neat)
3424, 1093, 701 cm−1; dH (400 MHz, CDCl3) 0.84 (s, 3H), 1.06
(s, 3H), 1.07 (s, 9H, tbutyl), 1.21 (d, J = 5.5, 3H), 1.25 (d, J =
5.2, 3H), 1.63–1.67 (m, 4H), 1.88 (d, J = 14.3, 1H), 3.51–3.60 (m,
2H), 4.26–4.36 (m, 4H), 5.43 (t, J = 1.3, 1H), 5.67 (d, J = 16.3,
1H), 5.82–5.86 (m, 1H), 6.47 (d, J = 16.0, 1H), 7.36–7.45 (m, 6H),
7.67–7.69 (m, 4H); dC (100 MHz, CDCl3) 16.6 (2 × CH3), 18.1
(CH3), 19.3 (C), 23.2 (3 × CH3), 24.9 (CH3), 26.9 (CH3), 39.3 (C),
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46.2 (CH2), 58.5 (CH2), 64.9 (CH2), 77.6 (CH), 78.0 (CH), 79.4
(C), 103.9 (C), 123.9 (CH), 125.8 (CH), 127.6 (CH), 127.7 (4 ×
CH), 129.7 (2 × CH), 132.0 (CH), 133.5 (2 × C), 135.6 (4 × CH),
136.9 (C), 141.2 (C); HRMS (LSIMS): m/z requires (C35H49O5Si)
577.3349, found 577.3329, 22%, [M + H]+.


(2S,3S,8S)-8-(3-[tert-Butyldiphenylsiloxymethyl]penta-2,4-di-
enal)-2,3,7,9,9-pentamethyl-1,4-dioxaspiro[4.5]dec-6-en-8-ol (18).
(2S,3S,8S)-8-(5-Hydroxy-3-[tert-butyldiphenylsiloxymethyl]-2,4-
pentadienyl) -2,3,7,9,9-pentamethyl-1,4-dioxaspiro[4.5]dec-6-en-
8-ol, (275 mg, 0.48 mmol, 1 eq.) was dissolved in DCM (15 ml)
and treated with tetra-N-propyl ammonium perruthenate (TPAP)
(17 mg, 10% mol), 4-N-methylmorpholine-N-oxide (96 mg,
0.71 mmol, 1.5 eq.) and powdered 4 Å molecular sieves (280 mg).
The mixture was stirred for 15 min, then filtered through a short
column of silica. The silica was washed with portions of DCM
and diethyl ether and the combined filtrates concentrated under
reduced pressure. The crude product was purified by column
chromatography (silica, 25% EtOAc in hexane) to yield the title
product 18 as a viscous oil (237 mg, 86%). Rf 0.15 (25% EtOAc
in hexane); [a]20


D = +141.6 (c 1.00, MeOH); mmax(neat) 1662, 1428,
1093, 731, 701 cm−1; dH (400 MHz, CDCl3) 0.82 (s, 3H), 1.07 (s,
3H), 1.07 (s, 9H), 1.20–1.25 (m, 6H), 1.61 (s, 3H), 1.65–1.70 (m,
1H), 1.83 (d, J = 14.6, 1H), 3.50–3.59 (m, 2H), 4.41 (s, 2H), 5.43
(d, J = 1.2, 1H), 5.87 (d, J = 16.1, 1H), 6.37 (d, J = 8.3, 1H), 7.02
(d, J = 15.8, 1H), 7.37–7.46 (m, 6H), 7.64–7.66 (m, 4H), 10.21 (d,
J = 8.3, 1H); dC (100 MHz, CDCl3) 16.6 (CH3), 16.6 (CH3), 17.9
(CH3), 19.3 (C), 23.2 (3 × CH3), 25.0 (CH3), 26.8 (CH3), 39.3 (C),
46.1 (CH2), 63.7 (CH2), 77.6 (CH), 78.1 (CH), 79.3 (C), 103.5
(C), 122.4 (CH), 125.5 (CH), 126.6 (CH), 127.9 (4 × CH), 130.0
(2 × CH), 132.7 (2 × C), 135.5 (4 × CH), 138.5 (CH), 140.0 (C),
156.3 (C), 191.4 (C); HRMS (LSIMS): m/z requires (C35H47O5Si)
575.3193, found 575.3190, 100%, [M + H]+.


(S) -5 - (1 -Hydroxy-2,6,6-trimethyl-4-oxo-2-cyclohexen-1-yl)-3-
(tert-butyldiphenylsiloxymethyl)-(2Z,4E)-pentadienoic acid (19).
A mixture of KH2PO4 (190 mg, 1.4 mmol, 5 eq.) and sodium
chlorite (253 mg, 2.8 mmol, 10 eq.) in water (7 ml) was added
dropwise over a period of ten min to a stirred solution of (2S,
3S,8S)-8-(3-[tert-butyldiphenylsiloxymethyl]penta-2,4-dienal)-2,
3,7,9,9-pentamethyl-1,4-dioxaspiro[4.5]dec-6-en-8-ol (18, 160 mg,
0.28 mmol, 1 eq.) and 2-methyl-2-butene (4 ml) in tBuOH (10 ml).
The mixture was stirred for 20 h, then concentrated under reduced
pressure to half its initial volume. MeOH (10 ml) was added and
the mixture carefully acidified to pH 2 with 4 M HCl (aq). The
deprotection was monitored by thin layer chromatography (silica,
40% EtOAc, 3% AcOH, 57% hexane) and typically took 15 min,
after which water (20 ml) was added and the product extracted with
EtOAc (3 × 30 ml). The combined organic extracts were washed
with brine (60 ml), dried over MgSO4 and the solvent removed
under reduced pressure. The product was purified by column
chromatography (silica, 30% EtOAc, 3% AcOH, 67% hexane) to
yield the title product 19 as a viscous oil (98 mg, 68%). Rf 0.15
(30% EtOAc, 3% AcOH, 67% hexane); [a]20


D = +394.0 (c 1.00,
MeOH); mmax(neat) 3499, 2960, 1654, 1427, 1228, 1110, 701 cm−1;
dH (400 MHz, CDCl3) 0.92 (s, 3H), 1.06 (s, 3H), 1.07 (s, 9H), 1.87
(d, J = 1.0, 3H), 2.21 (d, J = 17.1, 1H), 2.35 (d, J = 17.1, 1H),
4.41 (d, J = 1.5, 2H), 5.92 (d, J = 16.6, 1H), 5.93 (s, 1H), 6.22
(s, 1H), 7.38–7.45 (m, 6H), 7.57 (d, J = 16.6, 1H), 7.64–7.66 (m,
4H); dC (100 MHz, CDCl3) 19.0 (CH3), 19.2 (C), 23.1 (3 × CH3),


24.2 (CH3), 26.8 (CH3), 41.6 (CH2), 63.9 (CH2), 79.8 (C), 115.9
(CH), 125.8 (CH), 127.2 (CH), 127.9 (4 × CH), 130.1 (2 × CH),
132.7 (2 × C), 135.0 (CH), 135.5 (4 × CH), 152.9 (C), 162.4 (C),
171.5 (C), 198.1 (C); HRMS (LSIMS): m/z requires (C31H39O5Si)
519.2567, found 519.2567, 100%, [M + H]+.


(S)-(+)-6-Hydroxyabscisic acid or (S)-5-(1-hydroxy-2,6,6-tri-
methyl-4-oxo-2-cyclohexen-1-yl)-3-hydroxymethyl-(2Z,4E)-penta-
dienoic acid (3). (S)-5-(1-Hydroxy-2,6,6-trimethyl-4-oxo-2-
cyclohexen - 1 - yl) - 3 - (tert-butyldiphenylsiloxymethyl)-(2Z,4E)-
pentadienoic acid (19, 93 mg, 0.18 mmol, 1 eq.) in THF (10 ml)
was treated with tetrabutylammonium fluoride (0.45 ml of a 1 M
solution in THF, 0.45 mmol, 2.5 eq.) and stirred for 20 h. The
solvent was removed under reduced pressure and the product
separated by column chromatography (silica, 80% EtOAc, 3%
AcOH, 17% hexane) to yield the title product 3 as an off-white
solid (46 mg, 91%). Rf 0.30 (80% EtOAc, 3% AcOH, 17% hexane);
[a]20


D = +430.0 (c 1.00, MeOH); mmax(solid) 2964, 1684, 1639, 1605,
1230, 978 cm−1, dH (400 MHz, CDCl3) 1.06 (s, 3H), 1.10 (s, 3H),
1.97 (d, J = 1.3, 3H), 2.22 (d, J = 17.1, 1H), 2.59 (d, J = 17.1,
1H), 4.41 (d, J = 1.2, 2H), 5.96 (s, 1H), 6.18 (s, 1H), 6.24 (d, J =
16.6, 1H), 7.63 (d, J = 16.6, 1H); dC (100 MHz, CDCl3) 19.6
(CH3), 23.6 (CH3), 24.7 (CH3), 42.9 (CH2), 50.7 (C), 63.2 (CH2),
80.6 (C), 117.4 (CH), 127.0 (CH), 127.6 (CH), 136.4 (CH), 153.1
(C), 166.5 (C), 169.9 (C),21 201.1 (C); HRMS (LSIMS): m/z
requires (C15H21O5) 281.1389, found 281.1386, 100%, [M + H]+.


Crystal data for 7‡. C15H22O3, M = 250.33, colourless block,
0.60 × 0.25 × 0.01 mm, monoclinic, P2(1) (No 4), b = 95.392(3)◦,
a = 7.6916(3), b = 11.7602(5), c = 8.2773(4)Å, T = 298 K, l(Cu
Ka) = 0.154 mm−1, U = 745.41(6) Å3, Z 2, Dcal = 1.115 g cm−3,
l = 0.610, 4874 reflections measured, 2247 unique [Rint = 0.0301],
R [I>2r(I)] = 0.0370, wR [I>2r(I)] = 0.0879, GooF = 1.062.
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2 K. M. Léon-Kloosterziel, G. A. van de Bunt, J. A. D. Zeevaart and M.
Koornneef, Plant Physiol., 1996, 110, 233.


3 R. F. Finkelstein, K. M. Tenbarge, J. E. Shumway and M. L. Crouch,
Plant Physiol., 1985, 78, 630.


4 (a) K. Shinozaki and K. Yamaguchi-Shinozaki, Curr. Opin. Plant Biol.,
2000, 3, 217; (b) F. T. Addicott and H. R. Carns, in Abscisic Acid, ed.
F. T. Addicott, Praeger, New York, 1983, ch. 1.


5 (a) A. D. Kohler, M. H. Beale, R. Rollason, D. H. P. Barratt, M. J.
Lewis, R. M. Van der Meulen and M. Wang, J. Chem. Soc., Perkin
Trans. 1, 1997, 1543; (b) Y. Todoroki, T. Tanaka, M. Kisamori and N.
Hirai, Bioorg. Med. Chem. Lett., 2001, 11, 2381; (c) J. M. Nyangulu,
M. M. Galka, A. Jadhav, Y. Gai, C. M. Graham, K. M. Nelson, A. J.
Cutler, D. C. Taylor, G. M. Banowetz and S. R. Abrams, J. Am. Chem.
Soc., 2005, 127, 1662.


6 F. A. Razem, A. El-Kereamy, S. R. Abrams and R. D. Hill, Nature,
2006, 439, 290.


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 4186–4192 | 4191







7 (a) M. Perras, P. A. Rose, E. W. Pass, K. B. Chatson, J. J. Balsevich and
S. R. Abrams, Phytochemistry, 1997, 46, 215; (b) P. E. Kriedemann,
B. R. Loveys, G. L. Fuller and A. C. Leopold, Plant Physiol., 1972, 49,
842.


8 (a) D. L. Roberts, R. A. Heckman, B. P. Hege and S. A. Bellin, J. Org.
Chem., 1968, 33, 3566; (b) M. G. Constantino and P. Losco, J. Org.
Chem., 1989, 54, 681; (c) J. Cornforth, J. E. Hawes and R. Mallaby,
Aust. J. Chem., 1992, 45, 179.


9 (a) M. Koreeda, G. Weiss and K. Nakanishi, J. Am. Chem. Soc., 1973,
95, 239; (b) M. Soukup, T. Lukáč, B. Lohri and E. Widmer, Helv.
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The semi-pinacol rearrangement has been carried out on 2-methyl-2,3-epoxy-cyclopentanone†
derivatives, generating alkenyl-substituted quaternary carbon centred aldols with a defined relative
stereochemistry.


Introduction


a-Vinylation of ketones has been studied in great detail over the
past couple of decades, with initial forays studying the nucleophilic
attack of enolates onto a vinyl cation synthon,1 and more recent
advances utilising the methodology developed by Piers, which in-
corporates intramolecular palladium-mediated direct a-vinylation
of enolates.2 The importance of such a-vinylated products is
demonstrated with the synthesis of numerous natural products
based on these methodologies,3 and the synthesis of important
structural building blocks.1,4


Similarly, the rearrangement of epoxy alcohols has also seen
widespread use over the past few decades.5,6 This class of rear-
rangement has been extensively studied, with a great deal of effort
spent elucidating the mechanism and product distribution of these
Lewis acid promoted rearrangements.7,8,9 Of particular interest to
us is the semi-pinacol rearrangement of epoxy alcohols resulting
in a-substituted anti-aldols.6,7,8 To date, the reaction has primarily
been studied on acyclic substrates6 or cyclic substrates where
the migrating group lies outside the ring.7‡ The rearrangement
has also been sucessfully applied to the synthesis of quaternary
carbon centres.6,7 Until recently, to our knowledge, no examples
were known of such a reaction applied to ring systems with the
migrating groups attached directly to the ring itself. Such a reaction
has recently been described by Walsh and co-workers with simple
methyl and ethyl substituents as the migrating groups.10 Based on
the need for alternative synthetic routes to a-vinylated carbonyl
compounds, and such a dearth of alkenyl migrating groups in
ring-based semi-pinacol rearrangements, we set out to determine
if the two shortfalls could be met by applying the semi-pinacol
rearrangement to 2,3-epoxycyclopentanone derivatives incorpo-
rating alkenyl substituents as the migrating groups (Scheme 1).


Results and discussion


The synthesis began with the preparation of racemic epoxyketone
1 following a literature procedure (34%).11 Subsequent addition


Manchester Interdisciplinary Biocentre, University of Manchester, 131
Princess Street, Manchester, M1 7DN, UK. E-mail: tim.snape@
manchester.ac.uk; Tel: +44 (0)161 306 5104
† IUPAC nomenclature is 1-methyl-6-oxabicyclo[3.1.0]hexan-2-one.
‡ The semi-pinacol rearrangement has been applied to the preparation
of ring-contracted products, whereby the nature of the reaction has the
migrating group within the ring.5


Scheme 1 Proposed synthetic scheme; all compounds are racemic.


Table 1 Addition of alkenyl Grignards to 1a


Entry R1 R2 R3 Product Yield (%)b


1 H H H 4 73
2 Me H H 5 32
3 H Me Me 6 58c


4 H Me H (E)-7 43d


5 H H Me (Z)-8 32d


a Reagents and conditions: 1, THF, −78 ◦C, then RMgBr (1.5 eq.). b Isolated
yield. c The product began to rearrange in CDCl3. d The product was
isolated from an E/Z mixture.


of alkenyl Grignard reagents to 1 (see Table 1) proceeded as
expected, to generate 2 as a single diastereomer.12 The relative
stereochemistry of 2 was initially assigned on the basis of a
successful rearrangement (vide infra) and later confirmed with an
alternative synthesis to 4 via a directed epoxidation (Scheme 2).13


It is interesting to note that, upon addition of the alkenyl Grignard
reagents to 1, only a single diastereomer was observed in the 1H
NMR of the crude products.


Scheme 2 Alternative synthesis of racemic 4, confirming the relative
stereochemistry.
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A possible mechanistic explanation for such selectivity could be
that the very rigid and flat nature of the 2,3-epoxycyclopentanone
ring causes there to be no hindrance of any kind to a nucleophile
approaching from the face of the carbonyl opposite to the epoxide;
this rigidity places substituents at C-2 and C-3 in the plane of the
ring (Fig. 1).12


Fig. 1


With the synthesis of the desired tertiary alcohols in hand, we
attempted the rearrangement of 2 using BF3·OEt2 (2.0 eq.). As
expected, we obtained the rearranged aldols in moderate to good
yields (Table 2). The rearrangement was also shown to proceed
cleanly with various other Lewis acids, and even catalytically
(Table 3).


Although the relative stereochemistry of the rearranged prod-
ucts can be inferred from the stereochemical course of the reaction,
the stereochemistry was confirmed by the conversion of 11 into
the known product 16 (Scheme 3).10


Scheme 3


Table 2 Rearrangement of alcohols 4 to 8a


Entry R1 R2 R3 Product Yield (%)b


1 H H H 11 78
2 Me H H 12 70
3 H Me Me 13 56
4 H Me H (E)-14 83
5 H H Me (Z)-15 90


a Reagents and conditions: BF3·OEt2 (2.0 eq.), DCM, 0 ◦C. b Isolated yield.


Table 3 The semi-pinacol rearrangement of 4 promoted by various Lewis
acids


Entry Catalyst Catalyst (eq.) Time Yield (%)a


1 BF3·OEt2 2.0 10 min 78
2 BF3·OEt2 1.0 20 min 89
3 SnCl4 1.0 20 min 79
4 FeCl3 1.0 15 min 86
5 TMSOTf 1.0 20 min 79
6 Yb(OTf)3 0.1 44 h 53b


a Isolated yield. b Incomplete reaction, yield determined by integration of
1H NMR signals.


In an attempt to expand the scope of the reaction, we sought
to apply the methodology to six-membered rings. In contrast to
published work,14 the addition of 2-methyl-1-propenylmagnesium
bromide to 2,3-epoxycyclohexanone§ (THF, −78 ◦C) gave only
a (separable) 0.6 : 1 mixture of diastereomeric alcohols 17, and
none of the other expected by-products;14 the stereochemistry
of the quaternary centre is unknown. Unfortunately, when the
alcohols were separately subjected to the rearrangement con-
ditions (BF3·OEt2 (1.0 or 2.0 eq.), DCM, 0 ◦C) both alcohols
gave the same rearranged product 19 (Scheme 4), suggesting that
the mechanism progresses through a common intermediate. A
possible explanation is shown below: boron trifluoride assists the
epoxide opening, generating a potentially stabilised carbocation
20, which is subsequently captured by loss of a proton, generating
an enolate (17 → 18).15 Tautomerisation and loss of water, or
E1cb elimination, would then generate the known 3-substituted
cyclohexen-1-one.16


Scheme 4 Possible mechanism for the formation of 19.


Conclusions


In conclusion, we have demonstrated the semi-pinacol rearrange-
ment utilising alkenyl migrating groups on cyclopentanone epoxy
alcohols, and the developed methodology provides an alternative
to the synthesis of a-alkenylated carbonyl compounds. Work
continues to expand the scope of the reaction.


Experimental


General


All reactions were performed in oven-dried glassware under
an atmosphere of nitrogen. Commercially available anhydrous
solvents were used as supplied. All other commercially available
reagents were used as received without purification. Analytical thin
layer chromatography was performed with Keiselgel 60 F254, in a
variety of solvents on aluminium-backed plates. The plates were
visualised by UV light (254 nm) and potassium permanganate.
Flash column chromatography was conducted with Merck silica
gel 60H (40–60 lm, 230–400 mesh) under bellows pressure.
Nominal mass spectra were recorded on an Agilent 1100 series


§ IUPAC nomenclature is 7-oxabicyclo[4.1.0]heptan-2-one.
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spectrometer using electrospray (ES), and high resolution mass
spectra were recorded using a Thermo Finnigan MAT 95 XP
spectrometer. Infrared spectra were recorded on a Nicolet Nexus
FTIR spectrometer, over the range 4000–400 cm−1; all samples
were run as evaporated films on a sodium chloride plate. 1H and 13C
NMR spectra were recorded on either a Bruker Avance 300 (300
MHz) or Bruker DPX 400 (400 MHz) spectrometer. All chemical
shifts are quoted in ppm relative to a calibration reference of the
residual solvent. The following abbreviations are used to define
the multiplicities: s, singlet; d, doublet; t, triplet; q, quartet; m,
multiplet; br, broad. The coupling constants (J) are measured in
hertz (Hz). Petroleum ether refers to the fraction of petroleum
ether that boils between 40 and 60 ◦C.


Typical experimental procedures


Grignard addition to 1. Alkenylmagnesium bromide (1.5 mol
eq.) was slowly added to a solution of 1-methyl-6-oxa-
bicyclo[3.1.0]hexan-2-one 1 (1 mol eq.) in tetrahydrofuran
(5 mL mmol−1) at −78 ◦C under an atmosphere of nitrogen.
The reaction was stirred at −78 ◦C, until deemed complete by
TLC, before being quenched with saturated aqueous ammonium
chloride. The mixture was warmed to room temperature, the layers
separated, and the aqueous layer extracted with ethyl acetate.
The combined extracts were washed with brine, dried (MgSO4)
and evaporated under reduced pressure. The crude product was
purified by column chromatography on silica.


Rearrangement of tertiary alcohols. Boron trifluoride diethyl
etherate (2 mol eq.) was added to a solution of the tertiary alcohol
(1 mol eq.) in dichloromethane (10 mL mmol−1) at 0 ◦C under
an atmosphere of nitrogen. The reaction was stirred at 0 ◦C,
until deemed complete by TLC, before being quenched with
water. The mixture was warmed to room temperature, the layers
separated, and the aqueous layer extracted with dichloromethane.
The combined extracts were dried (MgSO4) and evaporated under
reduced pressure. The crude product was purified by column
chromatography on silica.


(±)-1-Methyl-2-vinyl-6-oxabicyclo[3.1.0]hexan-2-ol (4)


Flash chromatography using 20% diethyl ether in petroleum ether
as eluent gave the tertiary alcohol 4 (491 mg, 73%) as a colourless
oil, Rf 0.17 (10% ethyl acetate in petroleum ether). mmax/cm−1 3450
br (OH), 2933 (C–H), 1441 (C=C); dH (400 MHz; CDCl3) 5.81
(1H, dd, J = 11.0 and 17.4 Hz, CH=CH2), 5.35 (1H, d, J =
17.4 Hz, CH=CHH), 5.13 (1H, d, J = 11.0 Hz, CH=CHH), 3.36
(1H, s, C(5)H), 2.50 (1H, br s, OH), 2.02 (1H, dd, J = 5.6 and
10.8 Hz, CH), 1.75–1.56 (3H, m, 3 × CH), 1.33 (3H, s, CH3); dC


(100 MHz; CDCl3) 138.8 (CH), 113.2 (CH2), 80.9, 67.2 (C), 63.0
(CH), 34.4, 25.1 (CH2), 12.2 (CH3); m/z (ES+) 123 ([M − OH]+,
100%).


(±)-(2S,3R)-3-Hydroxy-2-methyl-2-vinylcyclopentanone (11)


Flash chromatography using 20% ethyl acetate in petroleum ether
as eluent gave the title compound 11 (42 mg, 78%) as a colourless
oil, Rf 0.08 (10% ethyl acetate in petroleum ether). mmax/cm−1 3458
br (OH), 2931 (C–H), 1737 (C=O); dH (300 MHz; CDCl3) 5.71
(1H, dd, J = 10.7 and 17.6 Hz, CH=CH2), 5.15 (1H, d, J =


10.7 Hz, CH=CHH), 5.08 (1H, d, J = 17.6 Hz, CH=CHH), 4.26
(1H, s, C(3)H), 2.49–2.38 (1H, m, CH), 2.31–2.17 (2H, m, 2 × CH),
2.14 (1H, br s, OH), 1.97–1.89 (1H, m, CH), 1.13 (3H, s, CH3);
dC (100 MHz; CDCl3) 218.0 (C), 138.3 (CH), 116.2 (CH2), 76.6
(CH), 57.4 (C), 34.2, 27.6 (CH2), 15.2 (CH3); m/z (ES+) 141 ([M
+ H]+, 100%); found 158.1178, C8H16NO2 (M + NH4


+) requires
158.1176.


(±)-1-Methyl-2-(prop-1-en-2-yl)-6-oxabicyclo[3.1.0]hexan-2-ol (5)


Flash chromatography using 20% diethyl ether in petroleum ether
as eluent gave the tertiary alcohol 5 (111 mg, 32%) as a colourless
solid, Rf 0.26 (10% ethyl acetate in petroleum ether). Mp (Et2O;
petroleum ether) 41–42 ◦C; mmax/cm−1 3396 br (OH), 2927 (C–H),
1437 (C=C); dH (300 MHz; CDCl3) 5.06 (1H, s, =CHH), 4.84
(1H, s, =CHH), 3.46 (1H, s, C(5)H), 2.29 (1H, br s, OH), 2.11–
2.02 (1H, m, CH), 1.89–1.68 (5H, m, 2 × CH and CH3), 1.61–1.51
(1H, m, CH), 1.31 (3H, s, CH3); dC (75 MHz; CDCl3) 145.8 (C),
110.3 (CH2), 82.8, 68.2 (C), 64.8 (CH), 35.9, 26.6 (CH2), 19.0, 12.2
(CH3); m/z (ES+) 178 ([M + H + 23Na]+, 55%), 155 ([M + H]+,
100); found 177.0883, C9H14O2Na requires 177.0886.


(±)-(2S,3R)-3-Hydroxy-2-methyl-2-(prop-1-en-2-yl)cyclopenta-
none (12)


Flash chromatography using 30% diethyl ether in petroleum ether
as eluent gave the title compound 12 (51 mg, 70%) as a colourless
oil, Rf 0.13 (20% ethyl acetate in petroleum ether). mmax/cm−1


3445 br (OH), 2974 (C–H), 1732 (C=O), 1635, 1451 (C=C); dH


(300 MHz; CDCl3) 4.93 (1H, s, =CHH), 4.74 (1H, s, =CHH),
4.41 (1H, t, J = 5.0 Hz, C(3)H), 2.50–2.38 (1H, m, CH), 2.31–
2.15 (2H, m, 2 × CH), 1.95–1.83 (2H, m, OH and CH), 1.72
(3H, s, CH3), 1.14 (3H, s, CH3); dC (75 MHz; CDCl3) 218.7, 144.3
(C), 113.5 (CH2), 74.9 (CH), 60.0 (C), 34.8, 27.5 (CH2), 19.8, 14.6
(CH3); m/z (ES+) 155 ([M + H]+, 100%); found 155.1066, C9H15O2


requires 155.1067.


(±)-(2S,3R)-3-Hydroxy-2-methyl-2-(2-methylprop-1-enyl)cyclo-
pentanone (13)


Flash chromatography using 20% diethyl ether in petroleum ether
as eluent gave the tertiary alcohol 6 (90 mg, 58%) as a colourless
oil, Rf 0.22 (10% ethyl acetate in petroleum ether). mmax/cm−1 3473
br (OH), 2930 (C–H), 1440, 1374. The compound rearranged
partially (∼20%) in CDCl3 – the diagnostic 1H NMR signals
follow: dH (400 MHz; CDCl3) 5.15 (1H, s, CH=C(CH3)2), 3.35
(1H, s, C(5)H), 1.88 (3H, s, CH3), 1.72 (3H, s, CH3), 1.40 (3H, s,
CH3); m/z (ES+) 359 ([2M + 23Na]+, 70%), 223 ([M + 23Na +
MeOH]+, 100), 191 ([M + 23Na]+, 30), 186 ([M + NH4]+, 20);
found 186.1484, C10H20NO2 (M + NH4


+) requires 186.1489. The
neat, unrearranged material was taken on to the rearrangement.
Flash chromatography using 20% ethyl acetate in petroleum ether
as eluent gave the title compound 13 (22 mg, 56%) as a colourless
oil, Rf 0.27 (20% ethyl acetate in petroleum ether). mmax/cm−1 3446
br (OH), 2972 (C–H), 1733 (C=O); dH (400 MHz; CDCl3) 4.93
(1H, s, CH=C(CH3)2), 4.19 (1H, t, J = 4.4 Hz, C(3)H), 2.41–
2.31 (2H, m, 2 × CH), 2.27–2.19 (1H, m, CH), 2.04 (1H, br s,
OH), 1.91–1.82 (1H, m, CH), 1.68 (3H, s, CH3), 1.59 (3H, s, CH3),
1.17 (3H, s, CH3); dC (100 MHz; CDCl3) 218.1, 137.3 (C), 124.3,
78.5 (CH), 55.4 (C), 33.7 (CH2), 27.2 (CH3), 27.1 (CH2), 19.2,
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15.8 (CH3); m/z (ES+) 169 ([M + H]+, 100%); found 186.1485,
C10H20NO2 (M + NH4


+) requires 186.1489.


(±)-1-Methyl-2-((E)-prop-1-enyl)-6-oxabicyclo[3.1.0]hexan-2-ol
(7) and (±)-1-methyl-2-((Z)-prop-1-enyl)-6-oxabicyclo[3.1.0]-
hexan-2-ol (8)


The crude product (∼0.8 : 1, Z/E) was purified by column
chromatography on silica using 10% ethyl acetate in petroleum
ether as eluent to give the (E)-tertiary alcohol 7 (134 mg, 43%)
as a colourless oil, Rf 0.23 (10% ethyl acetate in petroleum ether),
and the (Z)-tertiary alcohol 8 (100 mg, 32%) as a colourless oil,
Rf 0.33 (10% ethyl acetate in petroleum ether). 7: mmax/cm−1 3447
br (OH), 2935 (C–H); dH (300 MHz; CDCl3) 5.84–5.73 (1H, dq,
J = 6.5 and 15.3 Hz, CH=CHCH3), 5.47 (1H, d, J = 15.3 Hz,
CH=CHCH3), 3.36 (1H, s, C(5)H), 2.06–2.00 (1H, m, CH), 1.91–
1.88 (1H, m, CH), 1.81–1.52 (5H, m, 2 × CH and CH3), 1.35 (3H, s,
CH3); dC (75 MHz; CDCl3) 131.7, 124.3 (CH), 80.6, 67.3 (C), 63.1
(CH), 34.8, 25.3 (CH2), 17.9, 12.3 (CH3); m/z (ES+) 137 ([M −
OH]+, 100%); found 177.0889, C9H14O2Na requires 177.0886. 8:
mmax/cm−1 3465 br (OH), 2933 (C–H); dH (300 MHz; CDCl3) 5.64–
5.53 (1H, dq, J = 7.1 and 11.7 Hz, CH=CHCH3), 5.30 (1H, d, J =
11.7 Hz, CH=CHCH3), 3.37 (1H, s, C(5)H), 2.03–1.52 (7H, m,
4 × CH and CH3), 1.42 (3H, s, CH3); dC (75 MHz; CDCl3) 130.2,
127.7 (CH), 82.0, 67.8 (C), 63.6 (CH), 36.7, 25.3 (CH2), 14.8, 12.2
(CH3); m/z (ES+) 137 ([M − OH]+, 100%), 121 ([M − OH − O]+,
75); found 177.0888, C9H14O2Na requires 177.0886.


(±)-(2S,3R)-3-Hydroxy-2-methyl-2-((E)-prop-1-enyl)cyclopenta-
none (14)


Flash chromatography using 20% ethyl acetate in petroleum
ether as eluent gave the title compound 14 (95 mg, 83%) as a
colourless oil. mmax/cm−1 3446 br (OH), 2933 (C–H), 1733 (C=O);
dH (300 MHz; CDCl3) 5.54–5.42 (1H, dq, J = 6.0 and 15.6 Hz,
CH=CHCH3), 5.29 (1H, dq, J = 1.5 and 15.6 Hz, CH=CHCH3),
4.19 (1H, t, J = 4.5 Hz, C(3)H), 2.45–2.35 (1H, m, CH), 2.29–2.14
(3H, m, 2 × CH and OH), 1.96–1.84 (1H, m, CH), 1.65 (3H, dd,
J = 1.5 and 6.0 Hz, CHCH3), 1.09 (3H, s, CH3); dC (75 MHz;
CDCl3) 219.0 (C), 131.2, 126.8, 77.0 (CH), 56.7 (C), 34.1, 27.4
(CH2), 18.2, 15.7 (CH3); m/z (ES+) 178 ([M + H + 23Na]+, 55%),
155 ([M + H]+, 70), 137 ([M − OH]+, 95); found 155.1068, C9H15O2


requires 155.1067.


(±)-(2S,3R)-3-Hydroxy-2-methyl-2-((Z)-prop-1-enyl)cyclopenta-
none (15)


Flash chromatography using 20% ethyl acetate in petroleum ether
as eluent gave the title compound 15 (47 mg, 90%) as a colourless
oil, Rf 0.26 (20% ethyl acetate in petroleum ether). mmax/cm−1 3445
br (OH), 3013 (C–H), 2934 (C–H), 1732 (C=O); dH (300 MHz;
CDCl3) 5.60–5.49 (1H, dq, J = 7.4 and 11.4 Hz, CH=CHCH3),
5.14 (1H, dq, J = 1.5 and 11.4 Hz, CH=CHCH3), 4.22 (1H, t, J =
4.2 Hz, C(3)H), 2.39–2.15 (4H, m, 3 × CH and OH), 1.94–1.83
(1H, m, CH), 1.60 (3H, dd, J = 1.5 and 7.4 Hz, CHCH3), 1.19
(3H, s, CH3); dC (75 MHz; CDCl3) 218.2 (C), 129.9, 129.1, 78.1
(CH), 55.7 (C), 33.6, 27.3 (CH2), 15.6, 14.4 (CH3); m/z (ES+) 178
([M + H + 23Na]+, 75%), 155 ([M + H]+, 35), 137 ([M − OH]+,
100); found 155.1076, C9H15O2 requires 155.1067.


(±)-syn-2-(2-Methylprop-1-enyl)-7-oxabicyclo[4.1.0]heptan-2-ol
and (±)-anti-2-(2-methylprop-1-enyl)-7-oxabicyclo[4.1.0]heptan-
2-ol (17)


Flash chromatography using 10% ethyl acetate in petroleum ether
as eluent gave the less polar product (112 mg, 15%) as a colourless
oil, Rf 0.26 (10% ethyl acetate in petroleum ether), and the more
polar product (164 mg, 22%) as a colourless oil, Rf 0.14 (10% ethyl
acetate in petroleum ether). Less polar product: mmax/cm−1 3458
br (OH), 2937 (C–H), 1441; dH (300 MHz; CDCl3) 5.37 (1H, s,
CH=C(CH3)2), 3.40 (1H, m, CH2CHO), 3.24 (1H, d, J = 3.6 Hz,
CHOCHCH2), 2.46 (1H, br s, OH), 2.05–1.97 (1H, m, CH), 1.85
(3H, s, CH3), 1.75–1.61 (4H, m, CH3 and CH), 1.48–1.33 (4H, m,
4 × CH); dC (75 MHz; CDCl3) 136.2 (C), 128.4 (CH), 69.9 (C),
58.8, 56.1 (CH), 35.8 (CH2), 26.8 (CH3), 23.4 (CH2), 19.6 (CH3),
15.9 (CH2); m/z (ES+) 169 ([M + H]+, 55%), 151 ([M − OH]+,
100); found 186.1498, C10H20NO2 (M + NH4


+) requires 186.1489.
More polar product: mmax/cm−1 3437 br (OH), 2936 (C–H), 1446;
dH (300 MHz; CDCl3) 5.43 (1H, s, CH=C(CH3)2), 3.27 (1H, m,
CH2CHO), 3.12 (1H, d, J = 3.9 Hz, CHOCHCH2), 1.93 (3H, s,
CH3), 1.88–1.84 (2H, m, CH and OH), 1.75 (3H, s, CH3), 1.71–
1.63 (2H, m, 2 × CH), 1.54–1.43 (2H, m, 2 × CH), 1.32–1.25 (1H,
m, CH); dC (75 MHz; CDCl3) 137.2 (C), 129.1 (CH), 70.2 (C),
58.2, 53.9 (CH), 34.5 (CH2), 27.1 (CH3), 23.1 (CH2), 19.3 (CH3),
15.5 (CH2); m/z (ES+) 169 ([M + H]+, 10%), 151 ([M − OH]+,
100); found 186.1492, C10H20NO2 requires 186.1489.


3-(2-Methylprop-1-enyl)cyclohex-2-enone (19)


From the more polar isomer: flash chromatography using 20%
diethyl ether in petroleum ether as eluent gave the title compound
(44 mg, 64%) as a colourless oil, Rf 0.26 (10% ethyl acetate
in petroleum ether). mmax/cm−1 2930 (C–H), 1669 (C=O); dH


(300 MHz; CDCl3) 5.89 (1H, s, CH), 5.75 (1H, s, CH), 2.37–2.34
(4H, m, 2 × CH2), 2.02–1.94 (2H, m, CH2), 1.86 (6H, s, 2 × CH3);
dC (75 MHz; CDCl3) 200.1, 159.3, 142.5 (C), 126.5, 125.7 (CH),
37.2, 30.4 (CH2), 27.8 (CH3), 22.8 (CH2), 20.6 (CH3); m/z (ES+)
151 ([M + H]+, 100%); found 151.1111, C10H15O requires 151.1117.


(±)-(2S,3R)-2-Ethyl-3-hydroxy-2-methylcyclopentanone (16)


(±)-(2S,3R)-3-Hydroxy-2-methyl-2-vinylcyclopentanone 11
(59 mg, 0.42 mmol) was dissolved in methanol (4.5 mL), 10%
Pd/C (6 mg) added, and the reaction stirred under an atmosphere
of hydrogen for 2 h. The reaction mixture was filtered through
Celite R© and evaporated under reduced pressure to give the title
compound (55 mg, 92%) as a colourless oil, Rf 0.08 (10% ethyl
acetate in petroleum ether). The compound displayed comparable
data to the literature:10 dH (300 MHz; C6D6) 3.69 (1H, t, J =
5.4 Hz, C(3)H), 2.20–2.07 (1H, m, CH), 1.82–1.62 (3H, m, 2 ×
CH and OH), 1.52–1.39 (1H, m, CH), 1.31–1.18 (2H, m, 2 ×
CH), 0.94 (3H, s, CH3), 0.73 (3H, t, J = 7.5 Hz, CH2CH3); dC


(75 MHz; CDCl3) 221.4 (C), 75.2 (CH), 53.5 (C), 34.7, 27.7, 27.6
(CH2), 14.4, 8.3 (CH3).


(±)-1-Methyl-2-vinyl-6-oxabicyclo[3.1.0]hexan-2-ol (4)


Vinylmagnesium bromide (1.0 M, 5.6 mL, 5.6 mmol) was
slowly added to a solution of 2-methylcyclopentanone (0.5 mL,
5.09 mmol) in tetrahydrofuran (25 mL) at −78 ◦C under an
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atmosphere of nitrogen. The reaction was stirred at −78 ◦C for
1 h before warming to room temperature and being quenched
with saturated aqueous ammonium chloride (10 mL). The layers
were separated, the aqueous layer extracted with diethyl ether
(3 × 10 mL), and the combined extracts washed with brine
(10 mL), dried (MgSO4) and evaporated under reduced pressure.
The crude product was purified by column chromatography on
silica using 5% ethyl acetate in petroleum ether as eluent to give
the tertiary alcohol 10 (240 mg, 38%) as a colourless oil. The
relatively unstable tertiary alcohol 10 (102 mg, 0.82 mmol) was
dissolved in dichloromethane (8 mL) and cooled to 0 ◦C. m-CPBA
(∼70%, 213 mg, 0.86 mmol) was added in one portion and the
reaction stirred at 0 ◦C for 20 min. The reaction was quenched
with saturated aqueous sodium thiosulfate (2 mL), warmed to
room temperature, the layers separated, and the aqueous layer
extracted with dichloromethane (2 × 5 mL). The combined
extracts were washed with brine (5 mL), dried (MgSO4), and
evaporated under reduced pressure. The crude product (∼20 : 1
ratio of diastereomers) was purified by column chromatography
on silica using 20% ethyl acetate in petroleum ether as eluent to
give the title compound (63 mg, 55%) as a colourless oil. The
compound displayed identical analytical data to that made by
Grignard addition.
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A concise and convergent eight-step synthesis of the antifungal metabolite monocerin 1 is reported. The
key step involves an allylsilane metathesis/aldehyde condensation sequence to establish the core
2,3,5-trisubstituted tetrahydrofuran. End-game approaches based around intramolecular Heck
chemistry revealed an interesting example of formal 6-endo cyclisation, the origin of which was probed
using model substrates. The synthesis was ultimately completed by a strategy involving stepwise
oxidative cleavage of the C3-ethenyl substituent.


Introduction


Monocerin (1) is an anti-fungal and insecticidal natural product
that has been isolated from several fungal sources.1–4 A 15-step
total synthesis of racemic monocerin was reported in 1989 by
Mori, alongside a 19-step asymmetric variant.5 Biosynthetically,
monocerin has been found to be of heptaketide origin, and
13C labelling studies suggest the tetrahydrofuran ring arises
by intramolecular nucleophilic trapping of a quinonemethide
intermediate by a pendant alcohol.2,6 This thesis was explored
in an elegant and successful biomimetic synthesis of monocerin
by Simpson in 1992,7 in which radical benzylic bromination was
used to initiate quinonemethide formation and cyclisation.


We have developed a stereoselective method for the conver-
gent assembly of tetrahydrofurans based upon the Lewis acid-
mediated condensation of cyclic allylsiloxanes (derived by ring-
closing metathesis) with aldehydes.8–12 Using this method, we
have prepared 2,3,5-8 and 2,3,4-trisubstituted10 as well as 2,3,4,5-
tetrasubstituted tetrohydrofurans11 with various stereochemical
motifs in a controlled manner, and have applied them in the
synthesis of the diaryllignan virgatusin11 and the octahydroisoben-
zofuran core of the eunicellins.12 With regard to monocerin, we
noted that the all-cis stereochemistry observed in the formation
of 2,3,5-trisubstituted tetrahydrofurans8 mirrors that observed in
the natural product. If we were able to employ the pendant 3-
vinyl substituent of such a tetrahydrofuran as a precursor to
the oxygen functionality at C3 of monocerin, with retention
of stereochemistry, this would allow a concise approach to the
total synthesis; further, the convergent nature of the tetrahydro-
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furan assembly would lend itself well to the further synthesis
of analogues13 as potential antifungals. Herein we describe the
successful completion of the target synthesis.


Results and discussion


The requisite coupling partners for the assembly of the target
tetrahydrofuran were the allylsiloxane 3 (synthesised from known
4-hydroxyhept-1-ene 2 in two steps by our standard methodol-
ogy) and the known aldehyde 4,14 prepared by bromination of
commercial trimethoxybenzaldehyde (Scheme 1).


Scheme 1 Reagents and conditions: (i) (allyl)Me2SiCl, Et3N, CH2Cl2,
0 ◦C (82%); (ii) 1% (PCy3)2RuCl2=CHPh, CH2Cl2, rt (95%); (iii) 4, 1 eq.
BF3·OEt2, CH2Cl2, −78 ◦C (86%).


Condensation of 3 and 4 under the previously identified condi-
tions (exposure to boron trifluoride etherate at −78 ◦C followed by
slow warming to room temperature) yielded the desired tetrahy-
drofuran 5 in 86% yield as a 9 : 1 mixture of diastereoisomers. The
all-cis relative stereochemistry of the major diastereomer shown
was the previously observed stereochemical outcome for 2,3,5-
trisubstituted tetrahydrofurans. We have, however, observed in
tetrahydrofurans with alternative substitution patterns that the use
of boron trifluoride in conjunction with electron-rich aldehydes
can lead to predominant formation of 2,3-trans isomers by C2-
epimerisation of an initially formed cis-adduct via a stabilised
benzylic cation,10,11 and hence sought confirmation of the assigned
stereochemistry. Comparison of diagnostic chemical shift data for
both the benzylic proton and the internal vinylic proton for the


4118 | Org. Biomol. Chem., 2006, 4, 4118–4126 This journal is © The Royal Society of Chemistry 2006







cis and trans isomers in each series supports the assignment of
5 as having the stereochemistry shown.† This assignment was
eventually confirmed by the successful total synthesis.


Our initial approach to installation of the tricyclic lactone
present in monocerin focused on the formation of ketone 6,
which would be accessed by oxidative cleavage of alkene 7, the
product of a 5-exo Heck cyclisation of 5 (Fig. 1). We planned
that stereoselective insertion of an oxygen between C3 of the
tetrahydrofuran and the carbonyl would be possible, either directly
by Baeyer–Villiger oxidation, or more likely in a stepwise protocol
via an enol derivative of 6. We therefore commenced studies into
the Heck reaction.


Fig. 1 Proposed approach to monocerin 1 via stereoselective oxygen
insertion to ketone 6.


Upon exposure of 5 to standard Heck coupling conditions
(palladium(II) acetate, triphenylphosphine and triethylamine), we
were surprised to observe that the only identifiable product of
the reaction was the undesired 6-endo isomer 8, formed in 67%
yield (Scheme 2). Intramolecular Heck reactions of electroni-
cally unbiased olefins leading to 6-endo products are extremely
rare,15–17 and are usually indicative of some rearrangement of an
initially formed 5-exo adduct.15,16 We therefore hoped that the
regiochemical outcome might be altered by tuning the reaction
conditions. The use of electron-rich alkylphosphines led either to
debromination of 5 or simply returned starting material. However,
the use of the bidentate ligand bis(diphenylphosphinyl)ferrocene
gave an 85% yield of the desired 5-exo adduct 7.


Scheme 2 Reagents and conditions: (i) 3% Pd(OAc)2, PPh3, Et3N, MeCN,
heat (67%, 8); (ii) 3% Pd(OAc)2, dppf, Et3N, MeCN, heat (85%, 7).


We were intrigued by this unusual regiochemical outcome
and undertook some model studies to clarify the origin of the
selectivity. We suspected that the highly electron-rich nature of


† We have previously observed in the 2,3,4-trisubstituted series that the
benzylic tetrahydrofuran proton in the 2,3-cis diastereomer appears be-
tween 5.18 and 5.08 ppm (cf. 4.64–4.52 ppm for the trans-diastereomer),10


a trend mirrored in previously synthesised 2,3,5-trisubstituted tetrahy-
drofurans (5.20–5.01 ppm for cis-diastereomer).8 The benzylic proton
of 5 appears at 5.20 ppm. Additionally, for 2-aryl-2,3,5-trisubstituted
tetrahydrofurans, the internal vinylic proton for the major cis-diastereomer
routinely occurs at ca. 5.2 ppm (cf. 5.7–6.0 ppm for the minor trans-
isomer):8 the signals for this proton in 5 occur at 5.18 and 5.94 ppm for
major and minor isomers respectively.


the aryl bromide was at least partly responsible, and we therefore
examined the behaviour of the simplified model 9, readily prepared
from siloxane 10 (Scheme 3). Upon exposure to the same standard
Heck conditions which had given the 6-endo adduct with 5, we
instead found that 9 underwent a clean and high-yielding (84%)
cyclisation to give the 5-exo isomer 11. This result confirmed
that the highly electron-rich arene was playing some part in the
formation of the 6-endo product, and we therefore prepared the
acyclic substrate 12 in two steps from aldehyde 4. Treatment
of 12 with palladium(II) acetate and triphenylphosphine (with
potassium carbonate as base) gave an 80% yield of the 5-exo
adduct 13, which confirmed that the highly hindered nature of
the tricyclic carbopalladation adduct(s) formed from 5 was also
responsible for the anomalous regiochemical outcome.


Scheme 3 Reagents and conditions: (i) (o-Br)PhCHO, BF3·OEt2, CH2Cl2,
−78 ◦C to rt (81%); (ii) 3% Pd(OAc)2, PPh3, Et3N, MeCN, heat (84%);
(iii) allylMgBr, Et2O, −15 ◦C to rt (93%); (iv) NaH, MeI, THF, 0 ◦C to rt
(89%); (v) 10% Pd(OAc)2, PPh3, K2CO3, MeCN, heat (80%).


A possible explanation for the observed behaviour is that all
of the substrates undergo an initial 5-exo cyclisation, which for
substrates 5/9 generates tricyclic intermediates of type 14/15
(Fig. 2). If b-hydride elimination to the exo-methylene products
7/11 is slow in these highly hindered intermediates, the op-
portunity for the intervention of the electron-rich arene arises.
This would presumably be triggered by p,g1 complexation of
the arene to the palladium, following dissociation of one of the
phosphine ligands, in a complex such as 16. Complexes of the
type 16 have previously been observed and characterised by X-ray
crystallography.18 The precise mechanism for the conversion of 16
to the 6-endo adduct 8 is not known, but a potential pathway is
indicated. Nucleophilic substitution at palladium by electron-rich
p-systems is well documented,19,20 and would in this case lead to a
palladacyclobutane. Reductive elimination of palladium generates
a phenonium ion, which could then undergo fragmentation and
loss of a proton to generate 8. Skeletal migrations of aryl groups
in formal E1 processes, likely proceeding via phenonium ions, are
known.21 Regardless of the actual mechanism for the formation
of 8, the intermediacy of complex 16 en route to the 6-endo
product does, however, help to explain the experimental observa-
tions. Using substrate 9, the less electron-rich phenyl substituent
would be less likely to form a complex of type 16 and would
therefore undergo slow b-hydride elimination to the observed 5-
exo product 11. Likewise, although substrate 12 contains the same
highly electron-rich arene as 5, the reduced steric constraints in
the initially formed 5-exo carbopalladation product means that
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Fig. 2 Diversion of 5-exo pathway to formal 6-endo product for substrate 5. (5, 14, 7: R = Pr, X = OMe; 9, 15, 11: R = Cy, X = H).


b-hydride elimination will be too fast to compete with formation
of a p,g1 complex, and again the 5-exo product is observed.
Finally, the observation that the 5-exo product 7 is observed
when bidentate phosphines are used as ligands is also explained
by this model: the reluctance of the bidentate phosphine to
undergo decomplexation due to the chelate effect would disfavour
formation of complex 16, and hence the ‘normal’ product 7 is
observed.


With the alkene 7 in hand, oxidative cleavage to ketone 6 was
easily achieved using osmium tetroxide followed by periodate
(Scheme 4).


Scheme 4 Reagents and conditions: (i) OsO4, NMO, tBuOH–
acetone–H2O, then KIO4 (67%); (ii) mCPBA, NaHCO3, CH2Cl2, 0 ◦C
(76%).


Attempts to install the C3 oxygen directly by Baeyer–Villiger
oxidation were unsuccessful, with the sole product of the reaction
being the isomeric lactone 17 formed by migration of the electron-
rich aryl substituent in preference to the inductively-destabilised
secondary alkyl group. Although the migratory tendencies of
aryl and secondary alkyl groups are similar,22 the electronic
imbalances caused by the substituents in this case bias the
migration exclusively in the undesired direction. We therefore
attempted to form silyl enol ethers of ketone 6 as a prelude
to oxidative olefin cleavage, but were unable to effect enolate
formation using lithium amide bases, with starting material being
returned in most cases. We therefore elected to return to the
monocyclic series and attempt to effect installation of the C3-
oxygenation at this stage.


Our first attempts focused again on Baeyer–Villiger oxidation,
this time on ketone 18 – here the reluctance of methyl groups
to undergo migration ought to bias the regiochemistry in the
desired sense.22 Initial attempts to form 18 by Wacker oxida-
tion of the ethenyl substituent of 5 were complicated by the
competing formation of the regioisomeric aldehyde product 19,


using either oxygen or benzoquinone as co-oxidant. Ultimately we
were able to direct the regiochemistry by performing sequential
oxymercuration/palladium-catalysed oxidation,23 although high
catalyst loadings of palladium and superstoichiometric copper(II)
chloride were required to attain high conversions. Under these
conditions, a 70% yield of the ketone 18 was obtained, along
with 7% of aldehyde 19 (Scheme 5). Disappointingly, however,
the ketone 18 proved stubbornly resistant to Baeyer–Villiger
oxidation: the use of mCPBA returned starting material, whereas
peracetic or pertrifluoroacetic acid led to decomposition of the
ketone to unidentified by-products.


Scheme 5 Reagents and conditions: (i) 10% PdCl2, O2, DMF–H2O (73%,
18 : 19 = 1 : 1); (ii) 10% PdCl2, benzoquinone, perchloric acid, MeCN–H2O
(80%, 18 : 19 = 3 : 2); (iii) Hg(OAc)2, THF–H2O, then 65 mol% PdCl2,
CuCl2 (77%, 18 : 19 = 10 : 1).


Our final approach to monocerin 1 was therefore to install
the C3-oxygenation by olefin migration and oxidative cleavage
to yield a ketone, which ought to be subject to stereoselective
hydride addition from the less hindered face to deliver the desired
C3-stereochemistry. Attempts to isomerise the vinyl group to
the exocyclic trisubstituted olefin under rhodium catalysis were
unsuccessful, but application of Sharpless’ allylic chlorination
technology using phenylselenenyl chloride gave a 50% yield of
allylic chloride 20 as a 5 : 1 mixture of olefin isomers (Scheme 6).24


Ozonolytic cleavage of the olefin gave ketone 21 in 48% yield.
Finally, stereoselective reduction of the ketone with sodium
borohydride afforded 22 as a single diastereoisomer in 88% yield.


The final ring closure to the tetrahydrofuro[3,2-c][2]benzo-
pyran-5-one ring system was achieved by sequential treatment
of the alcohol with one equivalent each of lithium hexamethyl-
disilazide then butyllithium, quenching the resulting dianion with
methyl chloroformate. This gave an 80% yield of the known mono-
cerin methyl ether 23, which exhibited identical spectroscopic data
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Scheme 6 Reagents and conditions: (i) PhSeCl, H2O2, pyridine, CCl4, −30 ◦C (50%); (ii) O3, CH2Cl2, −78 ◦C, then PPh3, −78 to 0 ◦C (48%); (iii) NaBH4,
MeOH, 0 ◦C (88%); (iv) LiHMDS, THF, −40 ◦C, then BuLi, −60 ◦C, then MeO2CCl, −60 ◦C to rt (80%); (v) BBr3, CH2Cl2, −30 ◦C (57%).


to that reported in the literature.5 Application of Mori’s conditions
for regioselective demethylation of monocerin methyl ether gave
a 57% yield of monocerin 1, whose 1H NMR data was also in
agreement with the reported values.5


Conclusions


We have completed a concise, 8-step synthesis of monocerin 1 from
known alcohol 2 in 6.5% overall yield. The core trisubstituted
tetrahydrofuran 5 was assembled using our previously disclosed
allylsiloxane/aldehyde condensation chemistry. In the course of
attempts to construct the tricyclic ring system by Heck annulation,
an unusual dependence of regiochemical outcome upon ligand
type was observed. Model experiments show that the observation
of formal 6-endo products is due to a combination of the hindered
nature of the tricyclic system and the highly electron-rich character
of the aryl bromide, and suggest possible pathways proceeding via
initial 5-exo ring-closure followed by rearrangement to the 6-endo
product mediated by the electron-rich arene. Successful conclusion
of the total synthesis was instead achieved by oxidative removal of
the ethenyl side-chain of 5, followed by stereoselective reduction
of the resulting ketone and cyclocarbonylation of the hydroxy
aryl bromide. The current work provides further evidence of the
synthetic utility of allylsiloxane/aldehyde condensation chemistry
for the rapid elaboration of tetrahydrofuran-containing natural
products.25


Experimental


All dry glassware was oven-dried at 150 ◦C overnight or flame-
dried prior to use. All reactions in anhydrous solvent were
carried out under a dry nitrogen atmosphere. Analytical thin layer
chromatography was performed on pre-coated glass-backed plates
(Merck Kieselgel 60 F254). Visualisation was accomplished with
UV light (254 nm), acidic ammonium molybdate(IV) or potassium
permanganate. Flash column chromatography was performed on
Merck Kieselgel 60 (200–300 mesh) under gentle pressure from
hand bellows.


1H and 13C NMR spectra were recorded on Bruker ARX250,
JEOL-GSL270, Bruker DRX300 and DPX300 and Bruker Avance
500 spectrometers. Chemical shifts are expressed in part per mil-


lion (d) relative to tetramethylsilane, and are referenced to (residual
protic) solvent; coupling constants (J) are expressed in Hertz.
Infrared spectra were recorded on a Perkin Elmer 683 Infrared
Spectrometer. Mass spectra were recorded on a VG Autospec Q
or Micromass Platform II spectrometer under chemical ionisation
(CI) with ammonia, or under electrospray ionisation (ES) on a
Bruker micrOTOF instrument. Melting points were measured
using a Gallenkamp melting point apparatus and are uncorrected.


Tetrahydrofuran and dichloromethane for use as reaction
solvents were dried by prolonged heating under reflux over,
and distillation from, sodium/benzophenone ketyl and calcium
hydride respectively.


4-Allyldimethylsilyloxy-1-pentene


To a solution of allylchlorodimethylsilane (1.46 ml, 10.0 mmol),
in DCM (60 ml) at 0 ◦C was added dropwise via cannula a
solution of triethylamine (1.54 ml, 11.0 mmol) and alcohol 2
(1.26 g, 11.0 mmol) in DCM (40 ml). The mixture was stirred
at 0 ◦C for 90 min and the reaction then quenched by the addition
of a saturated solution of NaHCO3 (50 ml). The mixture was
separated and the aqueous layer washed with DCM (3 × 15 ml).
The combined organic extracts were washed with brine (50 ml),
water (50 ml), dried (MgSO4), filtered and the solvent removed
in vacuo. The residue was purified by chromatography on basic
alumina (eluent petrol) to yield the title compound as a clear oil
(1.73 g, 82%): mmax/cm−1 3015, 1632, 1255, 1158, 1027, 1042, 837.
1H NMR (CDCl3; 250 MHz) d 5.77 (2H, m, 2 × CH=CH2),
5.01 (4H, m, 2 × CH=CH2), 3.69 (1H, app. p, J 5.7, OCH),
2.20 (2H, app. t, J 6.6, CH2–C=C), 1.62 (2H, d, J 7.9, Si–CH2),
1.46–1.26 (4H, m, -(CH2)2), 0.93 (3H, t, J 6.8, Me), 0.11 (6H, s,
SiMe2). 13C NMR (CDCl3, 62.5 MHz) d 135.3, 134.3, 116.7, 113.5,
72.2, 42.1, 39.2, 25.2, 18.8, 14.1, −1.8. m/z (CI+/NH3) 230 (M +
NH4), 188, 171, 116, 74. HRMS (CI+/NH3) calc. for [M + NH4]+:
C12H28NOSi = 230.1940. Found 230.1952.


2,2-Dimethyl-7-propyl-1-oxa-2-sila-4-cycloheptene 3


To a thoroughly degassed solution of the above siloxane (300 mg,
l.4 mmol) in DCM (70 ml) was added [Cl2(PCy3)2Ru=CHPh]
(11 mg, 1 mol%) in one portion. The mixture was stirred at
room temperature for 4 h, then evaporated in vacuo and purified
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through a short pad of silica (eluent 15% EtOAc–hexane) to yield
3 as a clear oil (295 mg, 95%). Found C 65.06, H 10.97; calc.
for Cl0H20OSi C 65.21, H 11.00%. mmax/cm−1 3021, 2959, 1641,
1455, 1421, 1266, 1081, 1040, 896, 838 cm−1. 1H NMR (CDCl3,
250 MHz) d 5.77 (1H, dt, J 10.4, 6.8, C=CH), 5.54 (1H, dt, J 10.4,
6.3, C=CH), 4.85 (1H, app. p, J 7.5, OCH), 2.26–2.24 (2H, m,
C=CCH2), 1.52 (2H, d, J 7.0 SiCH2), 1.51–1.26 (4H, m, -(CH2)2),
0.89 (3H, t, J 6.9, Me), 0.11 (3H, s, SiMe), 0.10 (3H, s, SiMe). 13C
NMR (CDCl3, 62.5 MHz) d 127.6, 124.2, 72.4, 40.4, 37.0, 19.1,
18.8, 14.1, −1.6, −1.8. m/z (CI+/NH3) 202 (M + NH4), 185 (M +
H), 137, 92,81, 74. HRMS (CI+/NH3): m/z calc. for [M + H]+:
Cl0H21OSi = 185.1361. Found 185.1360.


(2SR,3SR,5SR)-2-(2-Bromo-3,4,5-trimethoxyphenyl)-3-ethenyl-5-
propyltetrahydrofuran 5


To a solution of siloxane 3 (1.50 g, 8.2 mmol) in dry DCM (41 ml)
at −78 ◦C, was added BF3·OEt2 (1.01 ml, 8.2 mmol) and the
solution stirred for 5 min prior to the addition of aldehyde 4
(2.24 g, 8.2 mmol). The mixture was stirred at −78 ◦C for 2 h
and then allowed to warm to room temperature over 18 h. The
reaction was quenched by the addition of brine (50 ml) and the
mixture extracted with EtOAc (3 × 30 ml). The combined organic
layers were washed with water (50 ml), dried (MgSO4), filtered
and the solvent removed in vacuo. The residue was purified by
chromatography on silica gel (eluent 10% ether–petrol) to yield 5
as an inseparable 90 : 10 mixture of diastereomers (2.71 g, 86%).
Anal. calc. for C18H25BrO4: C 55.93, H 6.48%. Found: C 56.14,
H 6.49. mmax/cm−1 2959, 2936, 1569, 1484, 1427, 1328, 1108, 852.
1H NMR (CDCl3, 250 MHz) (major diastereomer) d 6.91 (1H, s,
Ar-H), 5.20 (1H, d, J 7.5, Ar–CHO), 5.19–5.15 (1H, ddd, J 17.0,
10.0, 9.2, CH=CH2), 4.88 (1H, app. dt, J 17.0, 0.9, CH=CHH′),
4.67 (1H, app. dt, J 10.0, 0.9, CH=CHH ′), 3.99–3.92 (1H, m,
C3H7CHO), 3.85 (6H, app. s, 2 × OMe), 3.86 (3H, s, OMe),
3.25 (1H, app. p, J 8.1, CH–C=C), 2.29 (1H, dt, J 12.7, 6.3,
CHH′–CC=C ), 1.79 (1H, ddd, J 12.7, 9.4, 6.8, CHH ′–CC=C),
1.76–1.40 (4H, m, -(CH2)2), 0.99 (3H, t, J 7.3, Me); signals for
the minor diastereomer are visible at: 5.94 (1H, app. dt, J 16.8,
10.0, 1.0, CH=CH2), 4.05 (1H, m, C3H7CHO), 1.93 (1H, ddd,
J 12.1, 6.6, 5.4, CHH′CC=C). 13C NMR (CDCl3, 62.5 MHz)
d (major diastereomer) 141.8, 138.4, 138.1, 137.2, 136.0, 135.2,
115.2, 107.0, 84.0, 78.9, 61.0, 56.0, 51.6, 46.3, 45.9, 38.5, 37.4,
19.5. mlz (CI+/NH3) 404/402 (M + NH4, 81Br/79Br), 386/384,
(M + H, 81Br/79Br), 305, 276, 274, 233. HRMS (CI+/NH3): m/z
calc. for [M + H]+: C18H26


81BrO4 387.0994. Found 387.0999.


(2aSR,3aSR,9SR)-6,7,8-Trimethoxy-2-propyl-2,3,3a,9b-
tetrahydronaptho[1,2-b]furan 8


To a solution of olefin 5 (39 mg, 0.10 mmol) in acetonitrile (2 ml)
was added triphenylphosphine (52 mg, 0.20 mmol), triethylamine
(50 ll, 0.36 mmol) and palladium acetate (0.7 mg, 3 mol%). The
resulting dark solution was heated under reflux for 16 h, allowed
to cool to room temperature and quenched by the addition of a
saturated NaHCO3 solution (5 ml). This solution was extracted
with EtOAc (5 × 5 ml), and the combined organic extracts were
washed with brine (5 ml), water (5 ml), dried (MgSO4), filtered
and the solvent removed in vacuo. The residue was purified by
chromatography over silica gel (eluent 10% ether–petrol) to yield


8 (20 mg, 67%) as a yellow oil. mmax/cm−1 2957, 2932, 1643, 1569,
1108, 832. 1H NMR (CDCl3, 250 MHz) d 6.97 (1H, s, Ar-H), 6.26
(1H, d, J 9.5, Ar–CH=C), 5.50 (1H, dd, J 5.6, 9.5, CH=CAr),
5.31 (1H, d, J 7.8, Ar–CHO), 4.06–3.98 (1H, m, C3H7CHO), 3.85
(3H, s, OMe), 3.81 (3H, s, OMe), 3.79 (3H, s, OMe), 3.55–3.46
(1H, m, CH–C=C), 2.38 (1H, ddd, 11.2, 5.9, 4.3, CHH′CC=C),
1.52–1.12 (5H, m, CHH ′CC=C and -(CH2)2), 1.04–0.99 (3H, t,
J 7.1, Me). 13C NMR (CDCl3, 62.5 MHz) d 132.5, 130.5, 130.1,
128.2, 126.9, 126.0, 125.0, 107.0, 82.3, 79.1, 61.0, 60.9, 56.1, 45.9,
38.9, 39.0, 37.6, 19.5. m/z (CI+/NH3) 305 (M + H), 291, 233.
HRMS (CI+/NH3): m/z calc. for [M + H]+: C18H25O4 requires
305.1753. Found 305.1755.


(2SR,3aSR,8bSR)-4,5,6-Trimethoxy-4-methylene-2-propyl-
3,3a,4,8b-tetrahydro-2H-indene[1,2-b]furan 7


To a solution of olefin 5 (l50 mg, 0.38 mmol) in acetonitrile (8 ml)
was added dppf (399 mg, 0.72 mmol), triethylamine (0.10 ml,
0.72 mmol) and palladium acetate (2.5 mg, 3 mol%). The resulting
dark solution was heated under reflux for 16 h, allowed to cool
to room temperature and quenched by the addition of a saturated
NaHCO3 solution (5 ml). This solution was extracted with EtOAc
(5 × 10 ml) and the combined organic extracts were washed with
brine (15 ml), water (15 ml), dried (MgSO4), filtered and the solvent
removed in vacuo. The residue was purified by chromatography
over silica gel (eluent 10% ether–petrol) to yield 7 (95 mg, 85%) as
a yellow oil. mmax/cm−1 2959, 2934, 1636, 1596, 1471, 1418, 1338,
1132, 1029, 743. 1H NMR (CDCl3, 250 MHz) d 6.80 (1H, s, Ar-H),
5.80 (1H, d, J 1.2, Ar–C=CHH′), 5.21 (1H, d, J 7.4, ArCHO),
5.06 (1H, d, J 1.2, Ar–C=CHH ′), 3.91–3.86 (1H, m, C3H7CHO),
3.92 (3H, s, OMe), 3.88 (3H, s, OMe), 3.86 (3H, s, OMe), 3.57–
3.50 (1H, m, CHC=C), 2.43 (1H, m, CHH′CC=C) 1.49–1.38 (5H,
m, CHH ′CC=C and -(CH2)2), 0.91–0.87 (3H, t, J 7.2, Me). 13C
NMR (CDCl3, 62.5 MHz) d 150.4, 128.5, 128.3, 126.3; 126.0,
125.0, 122.9, 106.8, 84.1, 81.7, 62.0, 60.1, 56.0, 49.2, 48.6, 39.5,
37.2, 19.6. m/z 305 (M + H), 205, 196, 77. HRMS m/z calc. for
[M + H]+: C18H25O4 requires 305.1753. Found 305.1761.


(2SR,3SR,5RS)-2-(2′-Bromophenyl)-5-cyclohexyl-3-ethenyltetra-
hydrofuran 9


To a solution of siloxane 10 (45 mg, 0.20 mmol), in dry DCM (1 ml)
at −78 ◦C, was added BF3·OEt2 (20 ll, 0.20 mmol) and the solution
stirred for 5 min prior to the addition of 2-bromobenzaldehyde
(25 mg, 0.20 mmol). The mixture was stirred at −78 ◦C for 2 h
and then allowed to warm to room temperature over 18 h. The
reaction was quenched by the addition of brine (10 ml) and the
mixture extracted with EtOAc (3 × 10 ml). The combined organic
layers were washed with water (10 ml), dried (MgSO4), filtered
and the solvent evaporated in vacuo. The residue was purified by
chromatography on silica gel (eluent 5% ether–petrol) to yield 9
as an inseparable 96 : 4 mixture of diastereomers (54 mg, 81%).
mmax/cm−1 2924, 1612, 1069, 1022, 993, 843. 1H NMR (CDCl3,
250 MHz) (major diastereomer) d 7.50 (1H, dd, J 7.6, 1.7, Ar-H),
7.47 (1H, dd, J 7.9, 1.1, Ar-H), 7.29 (1H, td, J 7.5, 1.2, Ar-H),
7.12 (1H, td, J 7.9, 1.7. Ar-H), 5.21 (1H, d, J 7.4, OCHAr),
5.26–5.19 (1H, m, CH=CH2), 4.91 (1H, ddd, J 17.0, 2.0, 0.8,
CH=CHH′), 4.68 (1H, ddd, J 10.1, 2.0, 0.8, CH=CHH ′), 3.69
(1H, ddd, J 9.4, 7.4, 6.2, CyCHO), 3.33 (1H, app. q, J 7.9,
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CHC=C), 2.24 (1H, ddd, J 12.5, 8.3, 6.2, CHH′C=C), 2.05 (1H,
m, CH of Cy), 1.91–1.60 (7H, m, 3 × (CH2) and CHH ′CC=C),
1.49–1.20 (4H, m, 2 × CH2); signals for minor diastereomer visible
at 6.03 (1H, m, CH=CH2), 5.02 (1H, m, CH=CHH′), 3.86 (1H,
m, CyCHO) : 13C NMR (CDCl3, 62.5 MHz) (major diastereomer)
d 139.6, 138.5, 132.1, 128.3, 126.9, 121.9, 114.5, 83.4, 81.9, 46.1,
43.0, 30.0, 29.2, 26.6, 26.1, 25.9; m/z (CI+/NH3) 354/352 (M +
NH4, 81Br/79Br), 337/335 (M + H, 81Br/79Br), 317, 239, 150, 108.
HRMS (CI+/NH3): m/z calc. for [M + H]+: C18H24


79BrO requires
335.1012. Found 335.1011.


(2SR,3aSR,8bSR)-2-Cyclohexyl-4-methylene-3,3a,4,8b-tetra-
hydro-2H-indeno[1,2-b]furan 11


To a solution of 9 (50 mg, 0.15 mmol) in acetonitrile (1.5 ml)
was added triphenylphosphine (79 mg, 0.30 mmol), triethylamine
(0.04 ml, 0.30 mmol) and palladium acetate (l mg, 3 mol%). The
resulting dark solution was refluxed for 16 h, allowed to cool to
room temperature and the reaction quenched with a saturated
solution of NaHCO3 (5 ml). This solution was extracted with
EtOAc (5 × 5 ml) and the combined organic extracts washed with
brine (15 ml), water (l5 ml), dried (MgSO4), filtered and the solvent
removed in vacuo. The residue was purified by chromatography
over silica gel (eluent 1% ether–petrol) to yield 11 (32 mg, 84%)
as a clear oil. mmax/cm−1 2962, 1642, 1266, 1071, 740. 1H NMR
(CDCl3, 250 MHz) d 7.51–7.45 (2H, m, ArH), 7.35–7.21 (2H,
m, ArH), 5.52 (1H, d, J 1.9, Ar–C=CHH′), 5.05 (1H, d, J 7.6,
ArCHO), 5.05 (1H, d, J 1.9, Ar–C=CHH ′), 3.68 (1H, ddd, J 10.1,
7.8, 5.0, CH–C=C), 3.60 (1H, app. p, J 7.6, CyCHO), 2.36 (1H,
ddd, J 12.4, 9.4, 5.0, CHH′CCC=C), 1.94–1.89 (1H, m, CH of
Cy), 1.67–1.40 (7H, m, 3 × CH2 and CHH ′CC=C), 1.41–1.21
(4H, m, 2 × CH2). 13C NMR (CDCl3, 62.5 MHz) d 141.2, 138.6,
129.0, 128.7, 127.3, 126.1, 122.5, 104.3, 87.0, 84.1, 42.5, 37.4, 30.3,
29.1, 26.5, 25.9. m/z (CI+/NH3) 272 (M + NH4), 255 (M + H), 237,
171, 143, 129. HRMS (CI+/NH3): m/z calc. for [MH]+: C18H23O
requires 255.1749. Found 255.1759.


1-(2-Bromo-3,4,5-trimethoxyphenyl)but-3-en-1-ol


To a solution of 2-bromo-3,4,5-trimethoxybenzaldehyde (935 mg,
3.40 mmol) in Et2O (35 ml) at −15 ◦C was added a 1.0 M solution
of allylmagnesium bromide in Et2O (5.10 ml, 5.10 mmol) slowly.
The reaction was allowed to warm to room temperature and
stirred for 3 h. The reaction was cooled to 0 ◦C, a saturated
solution of NH4Cl (22 ml) slowly added and the flask warmed
to room temperature. This solution was extracted with Et2O (2 ×
60 ml) and the combined organic extracts dried (MgSO4), filtered
and the solvent removed in vacuo. The residue was purified by
chromatography over silica gel (eluent 40% EtOAc–petrol) to yield
the title compound as a colourless oil (997 mg, 93%): mmax/cm−1


3435, 2938, 1569, 1481, 1426, 1394, 1324, 1195, 1162, 1105, 1009.
1H NMR (CDCl3, 500 MHz,) d 6.97 (1H, s, Ar H), 5.95–5.86
(1H, ddt, J = 17.1, 10.3, 6.8 Hz, CH=CH2), 5.24–5.19 (2H, m,
CH2=CH), 5.10 (1H, dt, J = 8.6, 3.0 Hz, CHO), 3.89 (6H, s, 2 ×
CH3O), 3.88 (3H, s, CH3O), 2.66–2.62 (1H, m, 1H of CH2CHO),
2.34–2.27 (1H, m, 1H of CH2CHO), 2.19 (1H, d, J = 3.0 Hz, OH).
13C NMR (CDCl3, 75 MHz) d 153.0, 150.4, 142.1, 138.5, 134.5,
118.9, 107.8, 105.8, 71.8, 61.1, 61.0, 56.1, 42.2. HRMS (ES): m/z


calc. for [M + Na]+: C13H17
79BrNaO4 requires 339.0202. Found


339.0191.


2-Bromo-3,4,5-trimethoxy-1-(1-methoxybut-3-enyl)benzene 12


To a solution of the above alcohol (997 mg, 3.15 mmol) in THF
(32 ml) at 0 ◦C was added sodium hydride (60% dispersion in
mineral oil, 631 mg, 15.77 mmol) and iodomethane (0.98 ml,
15.77 mmol) and the resulting solution stirred for 5 min at 0 ◦C
and a further 18 h at room temperature. The reaction mixture was
cooled to 0 ◦C and H2O (15 ml) added dropwise. Et2O (35 ml)
was added and the biphasic solution partitioned. The aqueous
layer was washed with Et2O (3 × 40 ml) and the combined organic
extracts dried (MgSO4), filtered and the solvent removed in vacuo.
The residue was purified by chromatography over silica gel (eluent
25% ether–petrol) to yield the title compound as a colourless oil
(928 mg, 89%): mmax/cm−1 2978, 2936, 2825, 1568, 1480, 1426, 1394,
1350, 1323, 1235, 1195, 1163, 1105, 1010, 921. 1H NMR (CDCl3,
300 MHz,) d 6.83 (1H, s, Ar H), 5.88 (1H, ddt, J = 17.1, 10.3,
6.8 Hz, CH=CH2), 5.13–5.05 (2H, m, CH2=CH), 4.65 (1H, dd,
J = 8.3, 4.0 Hz, CHO), 3.90, 3.89, 3.87, 3.27 (4 × 3H, s, CH3O),
2.49–2.44 (1H, m, 1H of CH2CHO), 2.39–2.33 (1H, m, 1H of
CH2CHO). 13C NMR (CDCl3, 75 MHz) d 153.2, 150.5, 142.2,
136.5, 134.6, 117.0, 109.1, 105.6, 81.9, 61.1, 61.0, 57.2, 56.2, 41.1.
HRMS (ES): m/z calc. for [M + Na]+: C14H19


79BrNaO4 requires
353.0359. Found 353.0362.


1,4,5,6-Tetramethoxy-3-(methylene)indan 13


To a solution of 12 (60 mg, 0.18 mmol) in MeCN (2.2 ml) was
added potassium carbonate (150 mg, 1.09 mmol), triphenylphos-
phine (19.0 mg, 40 mol%) and palladium acetate (4.1 mg, 10
mol%). The resulting dark solution was heated under reflux for
27 h, allowed to cool to room temperature and the reaction
quenched with a saturated solution of NaHCO3 (6 ml). This
solution was extracted with Et2O (3 × 6 ml) and the combined
organic extracts washed with brine (15 ml), water (15 ml), dried
(MgSO4), filtered and the solvent removed in vacuo. The residue
was purified by chromatography over silica gel (eluent 20% ether–
petrol) to yield the title compound as a colourless oil (36 mg, 80%):
mmax/cm−1 2936, 2823, 1599, 1470, 1417, 1354, 1328, 1109, 1064,
1029. 1H NMR (CDCl3, 500 MHz,) d 6.76 (1H, s, Ar H), 5.75
(1H, app. q, J = 2.0 Hz, 1H of CH2=C), 5.11 (1H, app. q, J =
1.5 Hz, 1H of CH2=C), 4.81 (1H, dd, J = 6.9, 3.6 Hz, CHO), 3.92,
3.89, 3.87, 3.40 (4 × 3H, s, CH3O), 3.02 (1H, ddt, J = 16.4, 6.9,
1.9 Hz, 1H of CH2CHO), 2.72 (1H, ddt, J = 16.4, 3.6 and 1.9 Hz,
1H of CH2CHO). 13C NMR (CDCl3, 75 MHz) d 153.4, 149.2,
143.4, 141.6, 140.3, 124.9, 105.3, 102.6, 80.2, 59.9, 58.9, 55.0, 54.9,
38.3. HRMS (ES): m/z calc. for [M + Na]+: C14H18NaO4 requires
273.1097. Found 273.1085.


(2SR,3aSR,8bSR)-4,5,6-Trimethoxy-2-propyl-3,3a,4,8b-tetra-
hydro-2H-indeno[1,2-b]furan-4-one 6


To a solution of the olefin 7 (91 mg, 0.3 mmol) in acetone–
water (8:5, 3 ml) was added N-methylmorpholine-N-oxide (39 mg,
0.33 mmol) and a 5% solution of OsO4 in t-BuOH (0.05 ml). The
resulting solution was stirred for 16 h at room temperature until
no more starting material was visible by TLC. At this point KIO4


(76 mg, 0.33 mol) was added and the solution was stirred for
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another 40 min. The reaction was then quenched by the addition of
a saturated sodium thiosulfate solution (10 ml) and extracted with
EtOAc (4 × 10 ml). The combined organic extracts were washed
with brine (20 ml), water (20 ml), dried (MgSO4) and the solvent
removed in vacuo. The residue was purified by chromatography
on silica gel (eluent 50% ether–hexane) to yield 6 as a yellow
oil (68 mg, 67%). mmax/cm−1 2916, 2815, 1714, 1596, 1294, 1204,
1006, 840. 1H NMR (CDCl3, 250 MHz) d 6.89 (1H, s, Ar-H),
5.30, (1H, d, J 6.6, ArCHO), 4.09–4.03 (1H, m, C3H7CHO), 4.01
(3H, s, OMe), 3.96 (3H, s, OMe), 3.92 (3H, s, OMe), 3.39 (1H,
app. dt, J 10.4, 6.7, -CHC=O), 2.41 (1H, ddd, J 10.4, 7.6, 5.3,
CHH′CC=O), 1.83–1.38 (5H, m, CHH ′CC=C and -(CH2)2), 0.98
(3H, t, J 7.1, Me). 13C NMR (CDCl3, 62.5 MHz) d 200.4, 163.4,
150.0, 141.2, 139.6, 130.1, 128.1, 104.1, 83.9, 79.6, 61.4, 56.1, 52.9,
37.3, 36.4, 34.5, 19.4. mlz (CI+/NH3) 307 (M + H), 235, 61. HRMS
(CI+/NH3): m/z calc. for [M + H]+: C17H23O5 requires 307.1545.
Found 307.1551.


(2SR,3aRS,9bRS)-6,7,8-Trimethoxy-2-propyl-2,3,3a,9b-tetra-
hydro-4H-furo[3,2-c]-1-benzopyranone 17


To ketone 6 (20 mg, 0.065 mmol) in DCM (6 ml) at 0 ◦C was
added NaHCO3 (11 mg, 0.13 mmol) and meta-chloroperbenzoic
acid (87 mg, 0.13 mmol). The solution was stirred at 0 ◦C for
4 h before being allowed to warm to room temperature overnight.
Brine (5 ml) was added and the mixture extracted with DCM (5 ×
5 ml). The combined organic fractions were washed with brine
(10 ml), water (10 ml), dried (MgSO4) and the solvent removed
in vacuo. The residue was purified by chromatography over silica
gel (eluent 40% ether–petrol) to yield 17 as a white solid (16 mg,
76%). Mp 82 ◦C. mmax/cm−1 2957, 1761, 1651, 1593, 1470, 1143,
754. 1H NMR (CDCl3, 250 MHz) d 6.70 (1H, s, Ar-H), 4.78, (1H,
d, J 6.1, ArCHO), 4.06–3.98 (1H, m, C3H7CHO), 3.95 (3H, s,
OMe), 3.90 (3H, s, OMe), 3.85 (3H, s, OMe), 3.28 (1H, ddd, J 9.2,
6.1, 4.7, -CHC=O), 2.59 (1H, ddd, J 13.0, 7.7, 9.0, CHH′CC=O),
2.58 (1H, ddd, J 13.0, 7.4, 4.7, CHH ′CC=O), 1.61–1.18 (4H, m,
-(CH2)2), 0.93 (3H, t, J 7.2, Me). 13C NMR (CDCl3, 62.5 MHz)
d 175.8, 159.4, 158.6, 155.6, 152.0, 148.9, 149.8, 75.2, 74.3, 61.3,
55.6, 52.9, 41.3, 35.2, 23.5, 22.4, 14.0. m/z (CI+/NH3) 323 (M +
H), 219, 203, 139, 105. HRMS (CI+/NH3): m/z calc. for [M +
H]+: C17H23O6 requires 323.1495. Found 323.1496.


(2SR,3RS,5SR)-2-(2-Bromo-3,4,5-trimethoxy)phenyl-3-(1-oxo-
ethyl)-5-propyltetrahydrofuran 18 and (2SR,3SR,5SR)-2-(2-
bromo-3,4,5-trimethoxy)phenyl-3-(2-oxoethyl)-5-propyltetra-
hydrofuran 19


To a solution of 5 (152 mg, 0.4 mmol) in THF–water (3 : 1,
3.4 ml) was added mercury(II) acetate (128 mg, 0.4 mmol) in
a single portion. The resulting yellow suspension was stirred
for 48 h at room temperature until no more starting material
was visible by TLC. A mixture of palladium acetate (30 mg,
0.26 mmol) and copper(II) chloride (204 mg, 1.20 mmol) was
added and the mixture stirred for a further 12 h. The reaction
was quenched by the addition of a saturated solution of NaHCO3


(10 ml) and extracted with EtOAc (4 × 10 ml). The combined
organic extracts were washed with brine (10 ml), water (10 ml),
dried (MgSO4) and the solvent removed in vacuo. The residue
was purified by chromatography on silica gel (eluent 12% EtOAc–


petrol) to yield 18 as a white crystalline solid (160 mg, 70%).
Mp 89 ◦C. mmax/cm−1 2958, 2361, 1713, 1569, 1483, 1165, 930.
1H NMR (CDCl3, 250 MHz) d 6.99 (1H, s, Ar-H), 5.38 (1H,
d, J 4.3, ArCHCO), 4.11–4.01 (1H, m, C3H7CHO), 3.88 (3H, s,
OMe), 3.87 (3H, s, OMe), 3.86 (3H, s, OMe), 3.12 (1H, ddd, J
9.8, 4.3, 2.5, CHCOMe), 2.26 (3H, s, COMe), 2.10 (1H, ddd, J
15.0, 5.3, 2.5, CHH′CC=O), 1.82–1.73 (1H, ddd, J 15.2, 9.6, 3.0,
CHH ′CC=O), 1.62–1.20 (4H, m, -(CH2)2), 0.99 (3H, t, 7.3, Me).
13C NMR (CDCl3, 62.5 MHz) d 208.0, 152.8, 150.2, 142.2, 137.6,
l08.0, 106.4, 81.2, 79.2, 77.6, 76.6, 60.9, 55.9, 54.4, 36.7, 35.1, 30.7,
19.4. m/z (CI+/NH3) 420/418 (M + NH4, 81Br/79Br), 402/400
(MH, 81Br/79Br), 343/341, 195, 172, 155. HRMS (CI+/NH3): m/z
calc. for [M + NH4]+: C18H29


81BrNO5 requires 420.1208. Found
420.1183. Further elution gave 19 as a white solid (11 mg, 7%).
Mp 67 ◦C. mmax/cm−1 3128, 3067, 1735, 1600, 1584, 1548, 1010.
1H NMR (CDCl3, 250 MHz) d 9.04 (1H, dd, J 4.2, 5.6 CHO),
6.84 (1H, s, Ar-H), 5.26 (1H, d, J 6.7, ArCHCO), 3.92–3.86 (1H,
m, C3H7CHO), 3.88 (3H, s, OMe), 3.87 (6H, app. s, OMe), 3.26
(1H, ddd, J 12.3, 6.3, 4.0, CHH′CO), 3.14 (1H, ddd, J 12.3, 7.2,
4.6, CHH ′CO), 2.53 (1H, m, CHCC=O), 2.15 (1H, ddd, J 14.8,
8.4, 5.3, CHH′CCC=O), 1.87–1.32 (5H, m, CHH ′CCC=O and
-(CH2)2), 0.96 (3H, t, J 6.9, Me). m/z (CI+/NH3) 420/418 (M +
NH4, 81Br and 79Br), 402/400 (M + H, 81Br and 79Br), 343/341,
300, 172, 155. HRMS (CI+/NH3): m/z calc. for [M + NH4]+:
C18H29


81BrNO5 requires 420.1208. Found 420.1198.


(2SR,3E,5SR)- and (2SR,3Z,5SR)-2-(2-Bromo-3,4,5-trimethoxy-
phenyl)-2-chloroethylidene-5-propyltetrahydrofuran 20


A solution of 5 in CCl4 (8 ml) was cooled to 0 ◦C, and a
solution of phenylselenenyl chloride (240 mg, 1.25 mmol) in
CCl4 (2 ml) added dropwise over 10 min. The reaction mixture
was allowed to stir at 0 ◦C for 30 min, and then cooled to
−30 ◦C. Pyridine (100 ll, 1.32 mmol) was then added, followed
by aqueous hydrogen peroxide (27.5%, 1.00 ml). The reaction was
stirred vigorously for 2 h while being allowed to warm to room
temperature. Water (30 ml) was then added, and the solution
extracted with DCM (2 × 30 ml). The combined organic extracts
were evaporated in vacuo, and purified by flash chromatography
over silica gel (eluent ether–petrol 1 : 7) to afford 3 products
of elimination of the intermediate chloroselenide. First to be
eluted was (2SR,3SR,5SR)-2-(2-bromo-3,4,5-trimethoxyphenyl)-
3-(1-chloroethylidene)-5-propyltetrahydrofuran (119 mg, 24%).
mmax/cm−1 2960, 2938, 2873, 1569, 1482, 1395, 1363, 1330, 1237,
1198, 1107, 1011. 1H NMR (CDCl3, 250 MHz) d 6.72 (1H, s, Ar-
H), 5.81 (1H, dd, J 13.2, 0.5, CHCl), 5.24 (1H, dd, J 13.2, 10.1,
CH=CCl), 5.13 (1H, d, J 7.6, ArCHO), 3.88 (1H, m, C3H7CHO),
3.87 (3H, s, OMe), 3.82 (6H, s, OMe), 3.37 (1H, m, CHC=C),
2.27 (1H, ddd, J 14.3, 8.3, 6.0, CHH′CCC=C), 1.31–1.69 (5H,
m, CHH ′CCC=C and -(CH2)2), 0.96 (3H, t, J 7.2, Me). 13C
NMR (62.9 MHz; CDCl3) d 152.6, 150.6, 142.1, 134.5, 133.4,
107.9, 117.2, 106.7, 81.7, 78.8, 61.1, 56.1, 43.9, 38.6, 37.5, 19.4,
14.2 (two MeO signals overlapped). m/z (CI+/NH3) 438/436
(M[35Cl81/79Br] + NH4), 421/419 (M[35Cl81/79Br] + H), 276/274.
HRMS m/z (CI+/NH3) calc. for [M + NH4]+: C18H28NO4


35Cl81Br
requires 438.0870. Found 438.0867. Further elution afforded E-20
(206 mg, 42%) mmax/cm−1 2952, 2938, 2860, 1685, 1587, 1568, 1483,
1392, 1338, 1239, 1196, 1165, 1106. 1H NMR (CDCl3, 250 MHz) d
6.74 (1H, s, ArH), 5.65 (1H, br s, ArCHO), 5.35 (1H, m, C=CH),
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4.06 (1H, m, C3H7CHO), 4.02 (2H, br d, J 7.9, CH2Cl), 3.89
(3H, s, OMe), 3.88 (3H, s, OMe), 3.83 (3H, s, OMe), 2.87 (1H, br
dd, J 5.8, 16.1, CHH′C=C), 2.36 (1H, m, CHH ′C=C), 1.45–1.78
(4H, m, -(CH2)2), 0.98 (3H, t, J 7.2, Me). 13C NMR (62.5 MHz;
CDCl3) d 153.0, 150.5, 148.1, 142.9, 135.4, 118.0, 109.8, 107.6,
81.9, 77.7, 61.0, 56.0, 42.0, 37.3, 35.5, 19.1, 14.2 (two MeO
signals overlapped). m/z (CI+/NH3) 438/436 (M[35Cl81/79Br] +
NH4), 421/419 (M[35Cl81/79Br] + H), 385/383, 340, 305. HRMS
(CI+/NH3): m/z calc. for [M + H]+: C18H25O4


35Cl81Br requires
421.0604. Found 421.0604. Eluting last was Z-20 (36 mg, 8%).
mmax/cm−1 2962, 2933, 2869, 1679, 1569, 1481, 1459, 1450, 1427,
1394, 1332, 1240, 1195, 1164, 1106, 1012, 975, 925, 842, 738.
1H NMR (CDCl3, 250 MHz) d 6.69 (1H, s, Ar-H), 5.80 (1H,
br s, CHAr), 5.45 (1H, app. tq, J 7.9, 2.4, C=CH), 4.37 (1H, m,
C3H7CHO), 4.06 (2H, br d, J 7.9, CH2Cl), 3.83 (3H, s, OMe),
3.87 (3H, s, OMe), 3.89 (3H, s, OMe), 2.93 (1H, ddt, J 16.2,
7.0, 1.6, CHH′=C), 2.45 (1H, br d, J 17.8, CHH ′=C), 1.35–1.75
(4H, m, -(CH2)2), 0.96 (3H, t, J 7.1, Me). m/z (CI+/NH3) 438/436
(M[35Cl81/79Br] + NH4), 421/419 (M[35Cl81/79Br] + H+), 402. HRMS
m/z (CI+/NH3) calc. for [M + NH4]+: C18H28NO4


35Cl81Br requires
438.0870. Found: 438.0864.


(2RS,5SR)-2-(2-Bromo-3,4,5-trimethoxyphenyl)-5-propyltetra-
hydrofuran-3-one 21


A solution of 20 (305 mg, 0.73 mmol) in DCM (20 ml) was
cooled to −78 ◦C, and ozone bubbled through until a pale blue
colour was clearly visible. The ozoniser was then turned off
and oxygen allowed to bubble through the solution for 10 min.
Triphenylphosphine (200 mg, 0.76 mmol) was added in a single
portion and the solution allowed to warm to room temperature
and stir for 16 h. The reaction mixture was then evaporated
in vacuo, and purified by flash chromatography over silica gel
(eluent 25% ether–petrol) to afford 21 (129 mg, 48%) as a
colourless oil. mmax/cm−1 2958, 2935, 2871, 1760, 1587, 1569, 1483,
1452, 1394, 1351, 1238, 1197, 1145, 1108, 1008, 975, 831. 1H
NMR (CDCl3, 250 MHz) d 6.68 (1H, s, Ar-H), 5.15 (1H, br s,
ArCHO), 4.33 (1H, app. sextet, J 5.7, C3H7CHO), 3.89 (3H, s,
OMe), 3.86 (3H, s, OMe), 3.84 (3H, s, OMe), 2.67 (1H, dd, J 18.1,
5.6, CHH ′CO), 2.38 (1H, dd, J 18.1, 10.6, CHH′CO), 2.01–1.70 &
1.54–1.39 (2 × 2H, m, CH2CH2), 1.01 (3H, t, J 7.3, Me). 13C NMR
(CDCl3, 62.5 MHz) d 212.1, 152.9, 151.2, 143.4, 130.7, 110.4,
108.1, 83.3, 75.6, 61.0, 56.1, 42.9, 37.5, 18.7, 14.1 (two aliphatic
carbon signals overlapped). m/z (CI+/NH3) 390/392 (M + NH4),
372/374 (M + H), 262/264, 210. HRMS (CI+/NH3): m/z calc. for
[M + NH4]+: C16H25NO5


81Br requires 392.0896. Found. 392.0897.


(2RS,3RS,5SR)-2-(2-Bromo-3,4,5-trimethoxyphenyl)-3-hydroxy-
5-propyltetrahydrofuran 22


To a solution of 21 (52 mg, 0.14 mmol) in methanol (2 ml) at
0 ◦C was added sodium borohydride (10 mg, 0.26 mmol). After
stirring at 0 ◦C for 30 min, the reaction was quenched by the
addition of water (5 ml). The solution was then extracted with
DCM (2 × 10 ml), and the combined organic extracts evaporated
in vacuo. The crude product was purified by flash chromatography
over silica gel (eluent ether–petrol 1 : 2) to afford 22 (46 mg, 88%)
as a colourless oil. mmax/cm−1 3480, 2956, 2869, 1569, 1483, 1465,
1450, 1427, 1394, 1344, 1236, 1197, 1164, 1106, 923. 1H NMR


(CDCl3, 250 MHz) d 7.05 (1H, s, Ar CH), 4.97 (1H, d, J 3.7,
CHAr), 4.71 (1H, ddt, J 2.5, 6.8, 3.7, CHOH), 4.00 (1H, app. p,
J 6.8, CHPr), 3.88 (3H, s, OMe), 3.87 (3H, s, OMe), 3.86 (3H, s,
OMe), 2.48 (1H, app. p, J 7.0, ring CHH), 1.34–1.81 (5H, m,
ring CHH + CH2CH2), 1.21 (1H, d, J 3.7, OH), 0.97 (3H, t, J
7.2, CH2CH3). 13C NMR (CDCl3, 62.5 MHz) 152.8, 150.5, 142.4,
132.1, 107.4, 108.2, 71.8, 77.7, 84.3, 61.0, 56.0, 40.5, 38.3, 19.4,
14.2 (two aliphatic carbon signals overlapped). m/z (CI+/NH3)
392/394 (M + NH4), 374/376 (M + H), 277, 275, 168. HRMS
(CI+/NH3): m/z calc. for [M + NH4]+: C16H27NO5


79Br requires
392.1073. Found 392.1082.


(2SR,3aRS,9bRS)-6,7,8-Trimethoxy-2-propyl-2,3,3a,9b-tetra-
hydro-5H-furo[3,2-c]benzopyran-5-one (monocerin methyl
ether, 23)


A solution of 22 (4.1 mg, 10.9 mmol) in THF (1 ml) was cooled to
−40 ◦C. A solution of LiHMDS (1 N in THF, 30 ll, 0.030 mmol)
was then added dropwise, and the solution allowed to warm
to −30 ◦C over 10 min, before being cooled to −60 ◦C. n-
Butyllithium (20 ll of a 2 N solution in pentane, 0.040 mmol)
was then added dropwise, and the solution allowed to stir for
20 min. Methyl chloroformate (50 ll, 60 mg, 0.650 mmol) was
then added dropwise, and the solution allowed to warm to room
temperature. After 3 h, the reaction was quenched by the addition
of water (5 ml) and the solution extracted with DCM (2 × 10 ml).
The combined organic extracts were then evaporated and purified
by flash chromatography over silica gel (eluent ether–petrol 3 :
1) to afford 23 (2.8 mg, 80%), whose NMR data matched that
reported in the literature.5


(±)-Monocerin 15


A solution of 23 (2.4 mg, 7.4 lmol) was dissolved in DCM (1 ml)
and cooled to −30 ◦C. Boron tribromide (80 ll of a 0.92 M
solution in DCM, 7.4 lmol) was then added and the solution
allowed to warm to −20 ◦C. After 90 min, TLC indicated complete
consumption of starting material, and the reaction was quenched
by the addition of a saturated solution of NaHCO3 (2 ml). Water
(2 ml) was then added and the mixture extracted with DCM
(2 × 10 ml). The combined organic extracts were combined and
evaporated, and the residue purified by flash chromatography over
silica gel (eluent EtOAc–petrol 1 : 3) to afford (±)-monocerin 1
(1.3 mg, 57%) as a film, whose NMR data matched that reported
in the literature.5
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Syntheses of a series of new C-3′ hydroxamate-substituted cephalosporin derivatives with potent
antibacterial and media-dependent anti-TB activity are described.


Introduction


Tuberculosis (TB) is one of the leading causes of death and suf-
fering worldwide. The increasing drug resistance, toxicity and side
effects of currently used anti-tuberculosis drugs also emphasizes
the urgent need for new, safer and more effective anti-tuberculosis
agents.1–5 Although mycobacteria produce b-lactamases and are
intrinsically resistant to b-lactam antibiotics, there are reports
that the addition of b-lactamase inhibitors to penems or cephems
greatly improved their in vitro activity against tuberculosis.6,7 Since
the loss of activity of b-lactam antibiotics could also be attributed
to the lack of cell envelope permeability and variations in certain
peptidoglycan biosynthetic enzymes,8,9 we initiated a study to
identify structures with increased lipophilicity and/or improved
anti-b-lactamase activity. Here, we report the syntheses and results
of some biological assays of new C-3′ hydroxamate-substituted
cephalosporins and their more lipophilic cyclic hydroxamate esters
shown in Fig. 1.


Compared to the common cephalosporins, these 2,3-cyclic
hydroxamate-fused cephalosporins were anticipated to be more
hydrophobic and possibly able to diffuse through the lipid-
rich cell wall of mycobacteria. As further shown in Fig. 1, the
cyclic hydroxamate component is an “active ester” that was
also anticipated to be able to hydrolytically generate the normal
cephalosporin carboxylate subsequent to cellular uptake. The
same intracellular hydrolytic process would also release a free
hydroxamic acid that could influence either growth promotion
or inhibition by affecting iron assimilation or metabolism since
hydroxamates are iron binding components of iron sequestering
agents (siderophores), including the mycobactins. Mycobactin T,
a siderophore selective for growth promotion and virulence of
Mycobacterium tuberculosis contains two hydroxamates and a
phenolic oxazoline for iron chelation. We have previously shown
that mycobactin analogs can have potent anti-tuberculosis activity
and that, among other factors, activity does require a lipophilic
component as does the natural mycobactin T with its long acyl
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Fig. 1 New C-3′ hydroxamate-substituted cephalosporins (lipophilic
cyclic form and hydrolytically generated hydrophilic free carboxy-
late/hydroxamate form) and mycobactin T.


moiety on the e-amino group of the constituent linear N-hydroxy
lysine residue.10,11


With these considerations in mind, our first goal was to
synthesize representatives of our targeted structure (Fig. 1) and
determine if this new class of cephalosporins has antibiotic activity.
The retrosynthetic disconnections are shown in Scheme 1. A key
point was the introduction of a C-3′ hydroxamate side chain by
coupling of a cephalosporin to an O-protected hydroxamic acid.


Scheme 1 Retrosynthetic analysis.


Results and discussion


The syntheses of the hydroxamic acids (2a–e, 6) used for the
alkylation of 3-chloromethyl-7-phenylacetylamino cephalospo-
ranic acid p-methoxybenzyl ester (GCLE) are shown in Scheme 2.
O-tert-Butyldimethylsilyl benzohydroxamic acid 2c was obtained
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Scheme 2 Syntheses of hydroxamic acids 2a–e, 6. a) NH2OH hydrochlo-
ride (1.0 equiv.), 1,2-diaminoethane (1.0 equiv.), CH2Cl2, rt, 20 h; then
TBSCl (1.0 equiv.), rt, 4 d, 69%; b) benzoic acid (1.0 equiv.), Et3N
(1.0 equiv.), EDC (1.1 equiv.), CH2Cl2, 16 h, 69%; c) NH2OH hydrochloride
(1.0 equiv.), Et3N (2.0 equiv.), 3a–b, 3d–e (1.0 equiv.), CHCl3, rt, 1 h; d)
imidazole (1.3 equiv.), TBSCl (0.95 equiv.), DMF, rt, 16 h; e) octanoic acid
(1.0 equiv.), EtOCOCl (1.2 equiv.), NMM (1.3 equiv.), Et2O, 0 ◦C, 10 min;
then NH2OH (1.5 equiv.), ether–methanol, rt, 15 min, 91%. NMM =
N-methyl morpholine.


by an EDC coupling reaction between benzoic acid and O-tert-
butyldimethylsilyl hydroxylamine. The latter was prepared by
treating hydroxylamine with O-tert-butyldimethylsilyl chloride in
1,2-diaminoethane and methylene chloride.12 4-Substituted benzo-
hydroxamates 4a–b, 4d–e, which were easily obtained by reaction
of hydroxylamine with the corresponding acyl chlorides 3a–b,
3d–e,13 were treated with O-tert-butyldimethylsilyl chloride and
imidazole in DMF to give 4-substituted O-tert-butyldimethylsilyl
benzohydroxamates 2a–b, 2d–e. Octanoic acid was activated with
ethyl chloroformate and N-methyl morpholine (NMM), followed
by coupling with freshly-generated free hydroxylamine to give
heptanohydroxamic acid (5) in 91% yield.14 Then compound 5 was
protected with TBSCl and imidazole (imid) to provide protected
hydroxamic acid 6 in 84% yield.


The syntheses of the target hydroxamate-containing
cephalosporins are outlined in Scheme 3. After several methods
were attempted, the approach that efficiently introduced the
C-3′ hydroxamate side chain of cephalosporins was a palladium-
catalyzed nucleophilic reaction.15,16 A short survey of reaction
conditions indicated that use of 0.12 equivalent of Pd(0) catalyst
from 0 ◦C to rt for 3 h was most effective. Palladium-catalyzed
nucleophilic reaction between GCLE and variously substituted


Scheme 3 Synthesis of 8a–e and 9a–e. a) GCLE (1.0 equiv.), Pd(OAc)2


(0.12 equiv.), PPh3 (0.60 equiv.), 2a–e (1.1 equiv.), NaH (1.0 equiv.), 0 ◦C–rt,
3 h; b) TFA (14 equiv.), anisole (or triethylsilane) (4.0 equiv.), CH2Cl2,
0 ◦C–rt, 1.5 h.


protected hydroxamic acids (2a–e) provided key intermediates 7a–
e in 21–30% yield with 20–40% of GCLE recovered. Though some
D-3 to D-2 double bond isomerization (7′a–e) was observed during
these alkylation reactions, the desired products were isolated after
purification by careful chromatography. Following deprotection
with TFA in the presence of anisole17,18 or triethylsilane with
CH2Cl2 as the solvent, the desired products 8a–e were obtained
in 21–36% yield along with the corresponding ring-opened free
carboxylic acid hydroxamates 9a–e in 20–32% yield. Use of TFA
alone as reactant and solvent led to isolation of only the free acids
9a–e.


The syntheses of compounds 11 and 12, with a more lipophilic
acyl group that was expected to more effectively permeate
the mycobacterial envelope, are outlined in Scheme 4. Direct
substitution reaction between 3-iodomethyl cephalosporin and
the corresponding hydroxamic acid 6 gave the desired product
10 in very low yield (8%). Pd(0)-catalyzed reaction only gave a
trace of the desired product. However, using the direct alkylation
route, enough material was generated to allow us to proceed with
syntheses of the target molecules needed for biological studies.
Following deprotection with TFA in the presence of anisole and
CH2Cl2 as solvent, the desired product 11 was obtained in 31%
yield, along with the corresponding ring opened free carboxylic
acid hydroxamate 12 in 24% yield.


Scheme 4 Synthesis of 11 and 12. a) GCLE (1.0 equiv.), NaI (1.25 equiv.),
acetone, rt, 1.5 h, 94%; b) 6 (0.74 equiv.), NaH (0.70 equiv.), DMF, rt, 16 h,
8%; c) TFA (14 equiv.), anisole (4 equiv.), CH2Cl2, 0 ◦C–rt, 1.5 h.


All of the synthesized cephalosporins were tested for their anti-
bacterial activities against various strains of Gram-positive and
Gram-negative bacteria using standard MIC determinations.19,20


The results showed that they are active only against Gram-positive
strains such as Micrococcus luteus ATCC 10240, Bacillus subtilis
ATCC 6633 and Staphylococcus aureus SG 511 (Table 1). The
assays also showed that the ring opened free carboxylic acid
hydroxamates 9a–e, 12 are superior in activity compared to
the corresponding cyclic hydroxamate esters 8a–e, 11. This is
consistent with the requirement of a free ionizable carboxyl
acid for activity of classical b-lactam antibiotics. For the cyclic
hydroxamate esters 8a–e, 11, the more lipophilic compound 11
with a long chain gave better activity against all the strains listed.
Generally, both electron-donating and electron-withdrawing
substituents on the phenyl ring retained or improved the
biological activities. For Micrococcus luteus ATCC 10240,
compound 9e with a p-trifluoromethyl substituent on the phenyl
ring gave the best activity with an MIC of 0.4 lM. Compound 9d
with a p-fluoro substituent on the phenyl ring and compound 12
with a long chain gave the best activity with an MIC of 0.2 lM
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Table 1 Activity against representative bacteria (MIC in lM) and toxicity against VERO cells (IC50
d in lM)


Species/Strains


Compound
Micrococcus luteus
ATCC 10240


Bacillus subtilis
ATCC 6633


Staphylococcus
aureus SG 511


M. tuberculosis H37Rv
MABAa/GASb


M. tuberculosis H37Rv
MABA/GASTc VERO cells


8a 6.25 0.4 1.56 31.16 3.2 >128
8b 6.25 0.4 1.56 12 2.8 NT
8c 12.5 0.78 1.56 >128 126 NT
8d 12.5 0.4 1.56 15.3 23.4 >128
8e 12.5 0.4 1.56 10.3 9.8 >128
11 1.56 0.2 0.4 124.1 10.1 19.5
9a 3.12 <0.1 0.78 61.6 46.2 >128
9b 1.56 <0.1 0.78 26.7 31.0 >128
9c 6.25 0.2 0.78 63.7 53.0 >128
9d 1.56 0.2 0.2 120.5 17.1 >128
9e 0.4 <0.1 0.4 86.0 126.6 NTe


12 1.56 0.2 0.2 69.3 9.1 14.6
GCLE 50 0.78 3.12 >128 13.9 NT


a Microplate Alamar Blue assay.22 b GAS: glycerol-alanine-salts.23 c GAST: GAS without added iron and containing Tween 80.23 d Concentration resulting
in 50% inhibition of the growth of VERO cells.24 e NT = not tested.


against Staphylococcus aureus SG 511. Against Bacillus subtilis
ATCC 6633, compound 9a with a p-methoxy substituent, 9b with
a p-methyl substituent and compound 9e with a p-trifluoromethyl
on the phenyl ring showed excellent activity. Compounds 8c, 9c
were also tested for their activity as b-lactamase inhibitors by
methods described in the literature,21 but were found to be inactive.


Compounds 8a–e, 9a–e, 11, 12 were also tested against M.
tuberculosis H37Rv (Table 1). Consistent with our hypothesis,
several of the more lipophilic cephalosporin derivatives were found
to be more active against TB. Especially notable is the comparison
of the results of assays of the cyclic hydroxamates 8 relative to the
free carboxylate/hydroxamate series 9 in normal iron sufficient
media (GAS) and in iron deficient media (GAST). In some cases
(8c/9c and 8d/9d in the GAST medium), there was little difference
(± one dilution) of activity, but in others there were notable
differences in activity. While the free carboxylate/hydroxamates
would be able to bind iron, they are very polar and are not likely to
be able to permeate the lipophilic outer layers of the mycobacterial
cell. However, the cyclic hydrophobic forms 8 might effectively
penetrate and then either have intrinsic activity themselves or,
upon either enzymatic or general intracellular hydrolysis, convert
to forms of 9. Once generated in the targeted cells, the resulting
new cephalosporins might cause cellular disruption by classical
modes of action and/or by affecting critical iron assimilation and
metabolism processes, especially under iron restricted conditions.
The possible influence of iron regulation is suggested by the
notably enhanced activity of some forms of 8 in the GAST
(“iron deficient”) medium. Thus, while additional studies are
needed to determine details related to the possible reasons for
differences in activity, the results are consistent with our initial
hypotheses. Of additional interest was the observation that for
the cyclic hydroxamate-containing cephalosporin compounds 8a–
e, the presence of either an electron-donating or an electron-
withdrawing substituent on the phenyl ring (R′ of the generalized
structure) seemed to notably increase anti-TB activity. This
suggests that possible additional substitution studies will further
help define important SAR relationships. The growth inhibitory
activity of compound 11 with the lipophilic acyclic seven-carbon


side chain was found to be more pronounced than that of
compound 8c without a substituent on the phenyl ring, but the
activity was not as good as that of compounds 8a or 8b with
electron-donating groups on the phenyl ring. The length and
type of the carbon chain might need to be optimized in further
SAR studies, especially, and not surprisingly, since use of aliphatic
groups also reduced selectivity relative to VERO cells.


Conclusions


In summary, we have synthesized and studied several C-3′-
hydroxamate substituted cephalosporins, including cyclic forms
8a–e, 11 with enhanced lipophilicity and possible alternate modes
of activity. For various Gram-positive strains listed in Table 1,
the ring-opened free carboxylic acid hydroxamates 9a–e and 12
are superior in activity compared to the corresponding cyclic
hydroxamate esters 8a–e and 11. This is consistent with SAR of
classical cephalosporins that seem to require a free carboxylate
for activity and do not suffer from limited microbial permeability.
Of the cyclic hydroxamate esters 8a–e and 11, compound 11 was
more active against all of the non-mycobacterial strains listed
and these cyclic, more lipophilic compounds were generally more
active against TB. These studies have accomplished our first goal to
demonstrate that novel hydroxamate-containing cephalosporins
can have interesting and potentially useful antimicrobial activity.
These results provide new leads for the possible generation
of species-selective antimicrobial agents based on variation of
peripheral functionality and substituents. Additional synthetic
and antimicrobial studies are planned to further test this con-
cept and to test our hypothesis related to alternate modes of
action.


Experimental


General


All NMR spectra were recorded on a Varian instrument at
300 MHz (1H), 75 MHz (13C), or 500 MHz (1H), 125 MHz (13C)
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unless otherwise noted. Chemical shifts are indicated in d values
(ppm) from internal reference peaks of TMS, CDCl3, CD3OD or
DMSO-d6. Melting points were taken on a Thomas Hoover melt-
ing point apparatus and are uncorrected. TLC was performed with
aluminium backed Merck silica gel 60-F254 using 254 nm light,
aq. KMnO4, FeCl3, or ninhydrin for visualization. Commercial
reagents were used without purification. Flash chromatography
was performed on Sorbent Technologies silica gel 60 (32–63 lm).


All reagents were purchased from Aldrich, Acros, Advanced
ChemTech, and Fisher and used without purification unless
otherwise indicated. THF was distilled from a mixture of sodium
metal and benzophenone and CH3CN and TEA were distilled
from CaH2. DI water was further purified through a mixed
bed type II filter made by US Filter. All other solvents were
used without purification. 3-Chloromethyl-7-phenylacetylamino
cephalosporanic acid p-methoxybenzyl ester (GCLE) was gener-
ously provided by Otsuka Chemical Co., Ltd.


O-tert-Butyldimethylsilyl benzohydroxamic acid (2c)


To a stirred solution of benzoic acid (610 mg, 5.0 mmol) in methy-
lene chloride (10 mL), a solution of O-tert-butyldimethylsilyl
hydroxylamine12 (735 mg, 5.0 mmol) in methylene chloride (20 mL)
and triethylamine (0.7 mL, 5.0 mmol) were added. Then a
suspension of EDC·HCl (1054 mg, 5.5 mmol) in methylene
chloride (25 mL) was added. The reaction mixture was allowed to
stir overnight at room temperature. Then the mixture was diluted
with methylene chloride (60 mL), washed with saturated NaHCO3


solution (60 mL), water (60 mL) and brine (60 mL). The organic
layer was dried over anhydrous Na2SO4, filtered and concentrated
under reduced pressure at room temperature. The residue was
purified by flash column chromatography (hexanes–EtOAc: 5 : 1)
to give (872 mg, 3.47 mmol) (69.5%) of compound 2c as a white
solid. Mp 138–140 ◦C. 1H NMR (CDCl3, 300 MHz) d: 0.26 (s,
3H), 0.38 (s, 3H), 1.02 (s, 9H), 7.46 (m, 5H).


Representative procedure for the syntheses of hydroxamic acids
starting from the corresponding acyl chloride


p-Methoxybenzohydroxamic acid (4a). To a suspension of
hydroxylamine hydrochloride (815 mg, 0.012 mol) in chloroform
(20 mL), was added triethylamine (3.3 mL, 0.024 mol) and p-
methoxybenzoyl chloride (2.0 g, 0.012 mol) in chloroform (10 mL)
dropwise. The resulting mixture was stirred for 1 h. Then the
solvent was removed under vacuum. The residue was dissolved
in water and cooled in an ice bath. Then 1 N HCl was added.
The resulting precipitate was filtered, washed with cold water and
dissolved in dilute NaOH. Small pieces of dry ice were added to
the alkaline solution and a precipitate was obtained, which was
recrystallized from acetone–ether to give (996 mg, 5.96 mmol)
(51%) of compound 4a as colorless crystals. Mp 159–159.5 ◦C. 1H
NMR (CD3OD, 300 MHz) d: 3.85 (s, 3H), 6.98 (dd, J = 2.1 Hz,
J = 9.0 Hz, 2H), 7.83 (dd, J = 2.1 Hz, J = 9.0 Hz, 2H), 8.27 (br,
1H), 10.65 (br, 1H). 13C NMR (CD3OD, 75 MHz) d: 55.78, 114.08,
125.38, 129.10, 161.95.


p-Methylbenzohydroxamic acid (4b). 44% yield. Mp 148–
149.5 ◦C. 1H NMR (DMSO-d6, 300 MHz) d: 2.35 (s, 3H), 7.26
(d, J = 8.1 Hz, 2H), 7.67 (d, J = 8.1 Hz, 2H), 8.98 (s, 1H), 11.19


(s, 1H). 13C NMR (DMSO-d6, 75 MHz) d: 21.41, 127.34, 129.36,
130.44, 141.46, 164.69.


p-Fluorobenzoylhydroxamic acid (4d). 34% yield. Mp 161–
162 ◦C. 1H NMR (CD3OD, 300 MHz) d: 7.17 (t, J = 8.7 Hz,
2H), 7.79 (dd, J = 5.1 Hz, J = 8.7 Hz, 2H). 13C NMR (CD3OD,
75 MHz) d: 116.52, 116.81, 130.75, 130.87, 164.67, 168.00.


p-Trifluorobenzoylhydroxamic acid (4e). 37% yield. Mp 134–
136 ◦C. 1H NMR (CD3OD, 300 MHz) d: 7.18 (t, J = 8.4 Hz, 2H),
7.81 (dd, J = 5.1 Hz, J = 8.4 Hz, 2H).


O-tert-Butyl-dimethylsilyl-p-methoxybenzohydroxamic acid (2a)


To a stirred solution of p-methoxybenzohydroxamic acid 4a
(1.06 g, 0.064 mol) in DMF (10 mL), imidazole (566 mg, 0.083 mol)
and tert-butyldimethylsilyl chloride (961 mg, 0.061 mol) were
added successively. The resulting mixture was allowed to stir
overnight at room temperature. Then 10 mL of water was added
followed by extraction with EtOAc (3 × 20 mL). The combined
organic layers were washed with brine (50 mL), dried over
anhydrous MgSO4, filtered and concentrated under reduced pres-
sure. The residue was purified by flash column chromatography
(hexanes–EtOAc: 5 : 1) to give 812 mg (86% based on recovered
starting material) of compound 2a as a white solid. 500 mg of
p-methoxybenzohydroxamic acid was recovered. Mp 132–134 ◦C.
1H NMR (CDCl3, 300 MHz) d: 0.24 (s, 6H), 1.00 (s, 9H), 3.83 (s,
3H), 6.90 (d, J = 9.0 Hz, 2H), 7.69 (d, J = 9.0 Hz, 2H). 13C NMR
(CD3OD, 75 MHz) d: −5.50, 18.29, 25.96, 55.37, 113.87, 128.41,
205.28.


O-tert-Butyl-dimethylsilyl-p-methylbenzohydroxamic acid (2b).
82% yield (based on recovered starting material). Mp 128–130 ◦C.
1H NMR (CDCl3, 300 MHz) d: 0.25 (s, 6H), 1.01 (s, 9H), 2.39 (s,
3H), 7.31 (m, 4H). 13C NMR (CD3OD, 75 MHz) d: −5.42, 17.79,
20.94, 25.75, 126.86, 128.87, 129.84, 140.94, 164.19.


O-tert-Butyl-dimethylsilyl-p-fluorobenzoylhydroxamic acid (2d).
61% yield (based on recovered starting material). Mp 152–153 ◦C.
1H NMR (CD3OD, 300 MHz) d: 0.06 (s, 6H), 0.89 (s, 9H), 7.17
(t, J = 8.7 Hz, 2H), 7.79 (dd, J = 5.1 Hz, J = 9.0 Hz, 2H). 13C
NMR (CD3OD, 75 MHz) d: −5.28, 26.48, 116.49, 116.78, 130.73,
130.85, 164.64, 167.96.


O-tert-Butyl-dimethylsilyl-p-trifluoromethylbenzoylhydroxamic
acid (2e). 53% yield (based on recovered starting material). Mp
129.5–131 ◦C. MS (FAB) (M + H)+ m/z 320. 1H NMR (CD3OD,
300 MHz) d: 0.02 (s, 6H), 1.02 (s, 9H), 7.78 (d, J = 8.1 Hz, 2H),
7.90 (d, J = 8.1 Hz, 2H).


Heptanohydroxamic acid (5)


To a solution of octanoic acid (2.88 g, 0.02 mol) in diethyl ether
(60 mL) at 0 ◦C, ethyl chloroformate (2.60 g, 0.024 mol) and N-
methyl morpholine (2.63 g, 0.026 mol) were added and the mixture
was stirred for 10 min. The solid was filtered off and the filtrate was
added to freshly-prepared hydroxylamine (0.03 mol) in methanol
(8 mL). The resulting mixture was stirred for 15 min at room
temperature. Then the solvent was removed and the residue was
purified by iron-free silica gel column chromatography (hexanes–
EtOAc: 1 : 2) to give 2.92 g (91.7%) of desired compound 5 as a
white solid. Mp 76–78 ◦C. 1H NMR (CDCl3, 300 MHz) d: 0.89 (t,
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J = 7.2 Hz, 3H), 1.30 (m, 8H), 1.63 (m, 2H), 2.16 (t, J = 7.5 Hz,
2H), 4.90 (br, 1H), 7.50 (br, 1H). 13C NMR (CDCl3, 75 MHz) d:
14.06, 22.60, 25.44, 28.95, 29.11, 31.67, 33.03, 172.02.


O-tert-Butyl-dimethylsilyl heptanohydroxamic acid (6)


To a stirred solution of 5 (500 mg, 3.2 mmol) in DMF (7 mL),
imidazole (279 mg, 4.1 mmol) and O-tert-butyldimethylsilyl
chloride (468 mg, 3.1 mmol) were added successively. The resulting
mixture was allowed to stir overnight at room temperature. Then
water (10 mL) was added followed by extraction with EtOAc (3 ×
20 mL). The combined organic layers were washed with brine
(50 mL), dried over anhydrous MgSO4, filtered and concentrated
under reduced pressure. The residue was recrystallized from
hexanes–EtOAc twice to give 520 mg (84%) of compound 6 as
white solid. Mp 58.5–61 ◦C. 1H NMR (CDCl3, 300 MHz) d: 0.18
(s, 6H), 0.95 (m, 12H), 1.27 (m, 8H), 1.63 (m, 2H), 2.09 (m, 2H),
7.65 (br, 1H).


3-[tert-Butyldimethylsilyloxy-(4-methoxybenzoyl)amino]methyl-7-
phenylacetamido-3-cephem-4-carboxylic acid p-methoxybenzyl
ester (7a)


To a suspension of GCLE (1.302 g, 2.675 mmol) in THF (20 mL)
was added a solution of Pd(OAc)2 (72.1 mg, 0.321 mmol) and
PPh3 (420.9 mg, 1.605 mmol) in THF (30 mL) under N2 over
15 min. Then a solution of 2a (790.0 mg, 2.809 mmol) and sodium
hydride (60% oil suspension) (107.1 mg, 2.675 mmol) in THF
(20 mL) was added at 0 ◦C. The resulting mixture was stirred at
room temperature for 3 h under N2. Then 70 mL of water was
added and the resulting mixture was extracted with EtOAc (3 ×
150 mL). The organic layers were combined and washed with
saturated NaCl solution (400 mL), dried over anhydrous Na2SO4,
filtered and concentrated under reduced pressure. The residue was
purified by flash column chromatography on silica gel (hexanes–
EtOAc: 3 : 1) to give 453 mg (30.2%) of compound 7a as a light
yellow oil. 1H NMR (CDCl3, 300 MHz) d: −0.101 (s, 3H), −0.03
(s, 3H), 0.81 (s, 9H), 3.22 (d, J = 18.3 Hz, 1H), 3.58 (d, J =
16.0 Hz, 1H), 3.59 (d, J = 18.3 Hz, 1H), 3.65 (d, J = 16.0 Hz,
1H), 3.79 (s, 3H), 3.83 (s, 3H), 4.81 (d, J = 16.2 Hz, 1H), 4.89
(d, J = 4.8 Hz, 1H), 4.94 (d, J = 16.2 Hz, 1H), 5.10 (dd, J =
11.7 Hz, 2H), 5.80 (dd, J = 4.8 Hz, J = 9.0 Hz, 1H), 6.16 (d, J =
9.0 Hz, 1H), 7.31 (m, 13H); 13C NMR (CDCl3, 75 MHz) d: −5.18,
−5.15, 17.84, 25.71, 26.27, 43.18, 55.29, 55.42, 57.64, 59.16, 68.04,
113.57, 113.95, 125.08, 125.90, 126.76, 127.53, 127.77, 129.01,
129.38, 130.72, 130.84, 133.99, 159.93, 161.47, 161.84, 164.72,
171.33.


3-[tert-Butyldimethylsilyloxy-(4-methylbenzoyl)amino]methyl-7-
phenylacetamido-3-cephem-4-carboxylic acid p-methoxybenzyl
ester (7b)


29.1% yield. 1H NMR (CDCl3, 300 MHz) d: −0.08 (s, 3H), −0.02
(s, 3H), 0.81 (s, 9H), 2.38 (s, 3H), 3.59 (dd, J = 18 Hz, 2H), 3.62
(dd, J = 16 Hz, 2H), 3.79 (s, 3H), 4.89 (dd, J = 16 Hz, 2H), 4.90
(d, J = 4.8 Hz, 1H), 5.10 (dd, J = 12 Hz, 2H), 5.80 (dd, J =
4.8 Hz, J = 9.0 Hz, 1H), 6.10 (d, J = 9.0 Hz, 1H), 7.31 (m, 13H);
13C NMR (CDCl3, 75 MHz) d: −5.91, −5.11, 17.87, 21.55, 25.68,
26.16, 43.29, 55.29, 57.51, 59.13, 68.05, 113.97, 125.13, 126.73,


127.70, 127.74, 128.62, 128.99, 129.14, 129.44, 130.83, 130.93,
133.76, 141.59, 159.95, 161.47, 164.66, 171.18.


3-[(tert-Butyldimethylsilyloxy)benzamido]methyl-7-phenylaceta-
mido-3-cephem-4-carboxylic acid p-methoxybenzyl ester (7c).
29.3% yield. MS (FAB) (M + H)+ m/z 702. 1H NMR (CDCl3,
300 MHz) d: −0.07 (s, 3H), 0.01 (s, 3H), 0.83 (s, 9H), 3.28 (d, J =
18 Hz, 1H), 3.64 (d, J = 18 Hz, 1H), 3.66 (dd, J = 16 Hz, 2H),
3.83 (s, 3H), 4.93 (dd, J = 15 Hz, 2H), 4.93 (d, J = 5 Hz, 1H),
5.13 (dd, J = 16 Hz, 2H), 5.85 (dd, J = 5 Hz, J = 9 Hz, 1H), 6.08
(d, J = 9 Hz, 1H), 7.30 (m, 14H); 13C NMR (CDCl3, 75 MHz)
d: −4.99, 18.01, 25.83, 26.31, 43.57, 55.49, 57.64, 59.31, 68.28,
92.03, 114.16, 125.41, 126.87, 127.69, 128.01, 128.57, 128.66,
129.44, 129.67, 131.04, 131.29, 133.78, 134.08, 160.15, 161.64,
164.79, 171.24.


3-[tert-Butyldimethylsilyloxy-(4-fluorobenzoyl)amino]methyl-7-
phenylacetamido-3-cephem-4-carboxylic acid p-methoxybenzyl es-
ter (7d). 27% yield. MS (FAB) (M + H)+ m/z 720. 1H NMR
(CDCl3, 300 MHz) d: −0.12 (s, 3H), −0.02 (s, 3H), 0.82 (s, 9H),
3.30 (d, J = 18.6 Hz, 1H), 3.61 (d, J = 18.6 Hz, 1H), 3.64 (dd,
J = 15.9 Hz, 2H), 3.82 (s, 3H), 4.93 (dd, J = 15.0 Hz, 2H), 4.93
(d, J = 4.8 Hz, 1H), 5.14 (dd, J = 12.0 Hz, 2H), 5.83 (dd, J =
4.8 Hz, J = 9.0 Hz, 1H), 6.08 (d, J = 9.3 Hz, 1H), 7.30 (m, 13H);
13C NMR (CDCl3, 300 MHz) d: −5.13, 17.80, 25.62, 26.21, 43.30,
55.29, 57.60, 59.17, 68.13, 113.97, 115.27, 115.57, 125.30, 126.66,
127.26, 127.70, 129.15, 129.43, 129.90, 130.86, 131.02, 131.14,
133.74, 159.98, 161.44, 162.52, 164.64, 165.86, 171.18.


3-[tert-Butyldimethylsilyloxy-(4-trifluoromethylbenzoyl)amino]-
methyl-7-phenylacetamido-3-cephem-4-carboxylic acid p-methoxy-
benzyl ester (7e). 21% yield. MS (FAB) (M + H)+ m/z 770. 1H
NMR (CDCl3, 300 MHz) d: −0.13 (s, 3H), −0.02 (s, 3H), 0.80 (s,
9H), 3.32 (d, J = 18.0 Hz, 1H), 3.63 (d, J = 17.0 Hz, 1H), 3.67 (dd,
J = 16.0 Hz, 2H), 3.84 (s, 3H), 4.95 (dd, J = 15.0 Hz, 2H), 4.95 (d,
J = 4.8 Hz, 1H), 5.16 (dd, J = 12.0 Hz, 2H), 5.85 (dd, J = 4.8 Hz,
J = 9.0 Hz, 1H), 6.07 (d, J = 9.0 Hz, 1H), 7.30 (m, 13H); 13C NMR
(CDCl3, 75 MHz) d: −5.07, 17.78, 25.53, 26.15, 43.32, 55.29, 57.61,
59.21, 68.17, 94.78, 113.98, 125.24, 126.63, 126.90, 127.74, 129.00,
129.17, 129.43, 130.85, 133.71, 160.00, 161.44, 164.65, 171.17.


N-[6-(4-Methoxybenzoyl)-1,8-dioxo-2,2a,4,5,6,8-hexahydro-1H-
7-oxa-3-thia-6,8b-diazacyclobuta[a]naphthalen-2-yl]-2-
phenylacetamide (8a)


To a mixture of compound 7a (60 mg, 0.082 mmol) and tri-
ethylsilane (0.01 mL) in methylene chloride (0.5 mL), was added
TFA (0.1 mL) at 0 ◦C. The resulting mixture was stirred at room
temperature for 1.5 h. Then the TFA was removed under reduced
pressure and the residue was taken up in EtOAc–H2O (4 mL of a
1 : 1 mixture). The pH value of the aqueous layer was adjusted to
7.5 using saturated NaHCO3. The aqueous layer was separated,
washed with EtOAc (3 × 1 mL) (The aqueous layer was used
for the synthesis of compound 9a). The combined organic layers
were washed with brine, dried over anhydrous MgSO4, filtered and
concentrated to give a yellow oil. The residue was purified by flash
column chromatography on silica gel (hexanes–EtOAc: 2 : 1) to
give 14 mg (35.6%) of compound 8a as a light yellow solid. MS
(FAB) (M + H)+ m/z 480. 1H NMR (CDCl3, 300 MHz) d: 3.31 (d,
J = 18.6 Hz, 1H), 3.64 (dd, J = 16.2 Hz, 2H), 3.69 (d, J = 18.6 Hz,
1H), 3.84 (s, 3H), 4.65 (dd, J = 18.0 Hz, 2H), 4.98 (d, J = 5.0 Hz,
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1H), 5.84 (dd, J = 5.0 Hz, J = 0.9 Hz, 1H), 6.22 (d, J = 9.0 Hz, 1H),
7.32 (m, 9H). 13C NMR (CDCl3, 150 MHz) d: 25.43, 43.26, 46.42,
55.48, 57.26, 59.66, 113.77, 121.03, 122.55, 127.81, 129.23, 129.47,
132.02, 133.60, 134.27, 157.75, 163.23, 163.68, 170.20, 171.27.


N -[6-(4-Methylbenzoyl)-1,8-dioxo-2,2a,4,5,6,8-hexahydro-1H-
7-oxa-3-thia-6,8b-diazacyclobuta[a]naphthalen-2-yl]-2-phenylace-
tamide (8b). 23% yield. MS (FAB) (M + H)+ m/z 464. 1H NMR
(CDCl3, 300 MHz) d: 2.39 (s, 3H), 3.31 (d, J = 19.2 Hz, 1H),
3.64 (dd, J = 16.0 Hz, 2H), 3.68 (d, J = 19.2 Hz, 1H), 4.67
(dd, J = 18.0 Hz, 2H), 4.98 (d, J = 4.8 Hz, 1H), 5.84 (dd, J =
4.8 Hz, J = 8.4 Hz, 1H), 6.20 (d, J = 8.4 Hz, 1H), 7.41 (m, 9H). 13C
NMR (CDCl3, 75 MHz) d: 21.67, 25.42, 43.27, 46.32, 57.29, 59.65,
121.05, 127.69, 127.83, 129.15, 129.24, 129.49, 129.65, 133.61,
134.18, 143.56, 157.68, 163.74, 170.53, 171.29.


N-[6-Benzoyl-1,8-dioxo-2,2a,4,5,6,8-hexahydro-1H-7-oxa-3-thia-
6,8b-diazacyclobuta[a]naphthalen-2-yl]-2-phenylacetamide (8c).
24% yield. MS (FAB) (M + H)+ m/z 450 decompose at 122 ◦C.
1H NMR (CDCl3, 300 MHz) d: 3.34 (d, J = 18.6 Hz, 1H), 3.67
(dd, J = 16.2 Hz, 2H), 3.75 (d, J = 18.6 Hz, 1H), 4.72 (dd, J =
18 Hz, 2H), 5.01 (d, J = 4.8 Hz, 1H), 5.88 (dd, J = 4.8 Hz, J =
9 Hz, 1H), 6.10 (d, J = 9 Hz, 1H), 7.45 (m, 10H). 13C NMR
(CDCl3, 75 MHz) d: 25.66, 43.55, 46.38, 57.53, 59.90, 121.33,
128.10, 128.69, 129.52, 129.71, 129.73, 130.86, 132.93, 133.78,
134.23, 157.70, 163.95, 170.56, 171.44.


N-[6-(4-Fluorobenzoyl)-1,8-dioxo-2,2a,4,5,6,8-hexahydro-1H-7-
oxa-3-thia-6,8b-diazacyclobuta[a]naphthalen-2-yl]-2-phenylaceta-
mide (8d). 21% yield. MS (FAB) (M + H)+ m/z 486. 1H NMR
(CDCl3, 300 MHz) d: 3.37 (d, J = 19.2 Hz, 1H), 3.68 (dd, J =
16.2 Hz, 2H), 3.75 (d, J = 19.2 Hz, 1H), 4.73 (dd, J = 18.0 Hz,
2H), 5.03 (d, J = 5.1 Hz, 1H), 5.90 (dd, J = 4.8 Hz, J = 8.7 Hz,
1H), 6.10 (d, J = 8.7 Hz, 1H), 7.12–7.88 (m, 9H). 13C NMR
(CDCl3, 75 MHz) d: 25.44, 43.28, 46.07, 57.29, 59.68, 115.57,
115.86, 121.01, 127.86, 129.27, 129.49, 132.22, 132.35, 133.54,
134.16, 163.60, 163.74, 166.97, 169.15, 171.27.


N -[6-(4-Trifluoromethylbenzoyl)-1,8-dioxo-2,2a,4,5,6,8-hexa-
hydro-1H-7-oxa-3-thia-6,8b-diazacyclobuta[a]naphthalen-2-yl]-2-
phenylacetamide (8e). 21% yield. MS (FAB) (M + H)+ m/z 518.
1H NMR (CDCl3, 300 MHz) d: 3.39 (d, J = 19.2 Hz, 1H), 3.69
(dd, J = 16.0 Hz, 2H), 3.77 (d, J = 19.0 Hz, 1H), 4.78 (dd, J =
18.0 Hz, 2H), 5.04 (d, J = 5.1 Hz, 1H), 5.91 (dd, J = 5.1 Hz,
J = 8.7 Hz, 1H), 6.19 (d, J = 8.4 Hz, 1H), 7.29–7.89 (m, 9H). 13C
NMR (CDCl3, 75 MHz) d: 25.63, 29.91, 43.45, 46.03, 57.52, 59.92,
121.21, 125.63, 125.68, 128.06, 129.37, 129.46, 129.67, 129.99,
133.71, 134.18, 157.22, 163.97, 168.75, 171.54.


3-[Hydroxy-(4-methoxybenzoyl)-amino]methyl-7-
phenylacetamido-3-cephem-4-carboxylic acid (9a)


The aqueous layer from initial part of the workup during the
synthesis of compound 8a was adjusted to pH 5.5 using diluted
HCl and extracted with EtOAc (3 × 2 mL). The combined organic
layers were dried over anhydrous MgSO4, filtered and concentrated
to give 8 mg (20.3%) of compound 9a as a light yellow solid. MS
(FAB) (M + H)+ m/z 498, 520 (its sodium salt). 1H NMR (CD3OD,
300 MHz) d: 3.46 (d, J = 18.0 Hz, 1H), 3.59 (dd, J = 14.4 Hz,
2H), 3.67 (d, J = 18.0 Hz, 1H), 3.83 (s, 3H), 4.88 (overlap with the
solvent peak, 2H), 5.06 (d, J = 4.8 Hz, 1H), 5.70 (d, J = 4.8 Hz,


1H), 7.34 (m, 9H). 13C NMR (CD3OD, 75 MHz) d: 25.91, 41.75,
50.24, 54.47, 57.54, 59.23, 112.86, 125.39, 126.59, 128.17, 128.81,
130.53, 131.43, 135.04, 161.92, 164.74, 170.40, 173.21.


3-[Hydroxy-(4-methylbenzoyl)-amino]methyl-7-phenylacetamido-
3-cephem-4-carboxylic acid (9b). 29% yield. MS (FAB) (M +
H)+ m/z 482, 504 (M + Na). 1H NMR (CD3OD, 300 MHz) d:
2.37 (s, 3H), 3.45 (d, J = 18.0 Hz, 1H), 3.59 (dd, J = 15.0 Hz,
2H), 3.67 (d, J = 18.0 Hz, 1H), 4.89 (overlap with the solvent
peak, 2H), 5.06 (d, J = 4.8 Hz, 1H), 5.70 (d, J = 4.8 Hz, 1H),
7.42 (m, 9H). 13C NMR (CD3OD, 75 MHz) d: 21.61, 27.44, 43.29,
51.70, 59.08, 60.77, 128.14, 129.71, 129.78, 129.84, 130.36, 132.29,
136.58, 142.62, 165.25, 166.25, 172.39, 174.75.


3-[Hydroxy(benzoyl)amino]methyl-7-phenylacetamido-3-cephem-
4-carboxylic acid (9c). 31% yield. MS (FAB) (M + H)+ m/z
468. 1H NMR (DMSO-d6, 300 MHz) d: 3.34 (d, J = 18 Hz, 1H),
3.67 (dd, J = 16.2 Hz, 2H), 3.77 (d, J = 18 Hz, 1H), 4.75 (dd,
J = 15 Hz, 2H), 5.08 (d, J = 5 Hz, 1H), 5.69 (dd, J = 5 Hz, J =
8 Hz, 1H), 7.43 (m, 10H), 9.13 (d, J = 8 Hz, 1H), 10.05 (s, 1H).
13C NMR (CD3OD, 75 MHz) d: 27.29, 43.57, 49.68, 55.52, 57.61,
59.44, 68.39, 95.05, 114.21, 119.60, 124.95, 125.21, 126.91, 128.02,
128.19, 128.54, 129.43, 129.46, 129.70, 130.67, 131.06, 131.59,
133.11, 133.85, 136.41, 151.41, 160.19, 161.81, 164.89, 171.31.


3-[Hydroxy-(4-fluorobenzoyl)-amino]methyl-7-phenylacetamido-
3-cephem-4-carboxylic acid (9d). 31% yield. MS (FAB) (M +
H)+ m/z 486. 1H NMR (CD3OD, 300 MHz) d: 3.48 (d, J =
18.0 Hz, 1H), 3.60 (dd, J = 14.1 Hz, 2H), 3.68 (d, J = 18.0 Hz,
1H), 4.92 (s, 2H), 5.07 (d, J = 4.8 Hz, 1H), 5.71 (d, J = 4.8 Hz,
1H), 7.13–7.78 (m, 9H). 13C NMR (CD3OD, 75 MHz) d: 27.50,
43.28, 51.48, 59.08, 60.79, 115.89, 116.18, 127.96, 128.13, 129.70,
130.34, 131.44, 132.42, 132.54, 136.57, 163.96, 166.25, 167.27,
171.16, 174.76.


3-[Hydroxy-(4-trifluoromethylbenzoyl)-amino]methyl-7-phenyl-
acetamido-3-cephem-4-carboxylic acid (9e). 31% yield. MS
(FAB) (M + H)+ m/z 536. 1H NMR (CD3OD, 300 MHz) d: 3.52
(d, J = 18.0 Hz, 1H), 3.63 (dd, J = 15.0 Hz, 2H), 3.74 (d, J =
18.0 Hz, 1H), 4.96 (s, 2H), 5.11 (d, J = 4.8 Hz, 1H), 5.75 (d, J =
4.8 Hz, 1H), 7.26–7.87 (m, 9H). 13C NMR (CD3OD, 75 MHz) d:
26.01, 41.75, 49.72, 57.55, 59.27, 122.13, 124.56, 124.61, 125.80,
126.60, 126.77, 128.17, 128.71, 128.81, 131.54, 131.97, 135.04,
137.87, 163.67, 164.69, 169.37, 173.23.


3-[tert-Butyldimethylsilyloxyl(octanoyl)amino]methyl-7-
phenylacetamido-3-
cephem-4-carboxylic acid p-methoxybenzyl ester (10)


To a solution of GCLE (900 mg, 1.80 mmol) in acetone (18 mL)
was added NaI (346.5 mg, 2.25 mmol). The mixture was stirred
at room temperature for 1.5 h. Then 18 mL of water was added
and the resulting mixture was extracted with methylene chloride
(2 × 18 mL). The combined organic layers were washed with 5%
aqueous Na2S2O3 (12 mL), dried over anhydrous Na2SO4, filtered
and concentrated under reduced pressure to give 1.0 g (94%) of the
3-iodomethyl cephalosporin intermediate as a yellow solid. Then
to a solution of O-tert-butyl-dimethylsilyl heptanohydroxamic
acid (300 mg, 1.156 mmol) in DMF (3 mL) cooled in an ice bath,
sodium hydride (61% oil dispersion) (44 mg, 1.098 mmol) was
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added. After stirring for 30 min, a solution of the 3-iodomethyl
cephalosporin intermediate (900 mg, 1.556 mmol) in DMF (3 mL)
was then added and the mixture was stirred at rt overnight. Then
6 mL of water was added. The resulting mixture was extracted with
EtOAc (3 × 6 mL). The organic layers were combined and washed
with brine (20 mL), dried over anhydrous MgSO4, filtered and
concentrated under reduced pressure. The residue was purified
by flash column chromatography on silica gel (hexanes–EtOAc:
5 : 1) to give 70 mg (8%) of compound 10 as a yellow solid.
MS (FAB) (M + H)+ m/z 724. 1H NMR (CDCl3, 300 MHz)
d: 0.07 (s, 3H), 0.19 (s, 3H), 0.94 (m, 12H), 1.30 (m, 8H), 1.63
(m, 2H), 2.38 (m, 2H), 3.31 (dd, J = 18.0 Hz, 2H), 3.67 (dd,
J = 16.2 Hz, 2H), 3.84 (s, 3H), 4.66 (d, J = 16.5 Hz, 1H),
4.90 (d, J = 4.8 Hz, 1H), 5.00 (d, J = 16.5 Hz, 1H), 5.83 (dd,
J = 4.8 Hz, J = 9.3 Hz, 1H), 6.11 (d, J = 9.3 Hz, 1H), 6.90–
7.42 (m, 9H); 13C NMR (CDCl3, 75 MHz) d: −4.78, −4.64,
14.09, 17.80, 22.63, 24.36, 25.67, 25.75, 29.06, 29.39, 29.74, 31.70,
32.59, 43.39, 55.30, 59.14, 68.04, 113.98, 124.82, 126.79, 127.83,
127.97, 129.25, 129.48, 130.87, 133.62, 159.95, 161.57, 164.55,
171.13.


N-(6-Octanoyl-1,8-dioxo-2,2a,4,5,6,8-hexahydro-1H-7-oxa-3-
thia-6,8b-diazacyclobuta[a]naphthalene-2-yl)-2-phenylacetamide
(11)


To a mixture of compound 10 (50 mg, 0.069 mmol) and anisole
(29.8 mg, 0.276 mmol) in methylene chloride (0.5 mL), was added
TFA (110 mg, 0.967 mmol) at 0 ◦C. The resulting mixture was
stirred at room temperature for 0.5 h. Then TFA was removed
under reduced pressure and the residue was purified by flash
column chromatography on silica gel (hexanes–EtOAc: 2 : 1) to
give 10 mg (30.8%) of compound 11 as a light yellow solid. MS
(FAB) (M + H)+ m/z 472. 1H NMR (CDCl3, 300 MHz) d: 0.87
(t, J = 6.6 Hz, 3H), 1.28 (m, 8H), 1.61 (t, J = 6.9 Hz, 3H), 2.51
(m, 2H), 3.28 (d, J = 18.9 Hz, 1H), 3.66 (dd, J = 16.0 Hz, 2H),
3.65 (d, J = 18.6 Hz, 1H), 4.59 (dd, J = 18.0 Hz, 2H), 4.98 (d,
J = 5.0 Hz, 1H), 5.88 (dd, J = 4.8 Hz, J = 8.7 Hz, 1H), 6.10 (d,
J = 8.7 Hz, 1H), 7.25–7.40 (m, 5H). 13C NMR (CDCl3, 75 MHz)
d: 14.10, 22.60, 24.15, 25.30, 28.94, 29.09, 31.63, 32.51, 43.30,
44.72, 57.26, 59.68, 121.02, 127.89, 129.29, 129.50, 133.52, 134.28,
157.54, 163.86, 171.26, 173.77.


3-[Hydroxy(octanoyl)amino]methyl-8-oxo-7-phenylacetamido-3-
cephem-4-carboxylic acid (12)


The column from the chromatography described for the prepa-
ration of 11 was eluted with 5% MeOH in CH2Cl2 to give 8 mg
(23.7%) of compound 12 as a light yellow solid. MS (FAB) (M +
H)+ m/z 490. 1H NMR (CD3OD, 300 MHz) d: 0.94 (t, J = 6.9 Hz,
3H), 1.35 (m, 8H), 1.64 (t, J = 6.6 Hz, 3H), 2.52 (t, J = 7.5 Hz,
2H), 3.38 (d overlap with solvent peak, J = 18.6 Hz, 1H), 3.55
(d, J = 18.6 Hz, 1H), 3.62 (dd, J = 14.1 Hz, 2H), 4.78 (dd, J =
15.6 Hz, 2H), 5.08 (d, J = 4.5 Hz, 1H), 5.73 (d, J = 4.5 Hz,
1H), 7.26–7.34 (m, 5H). 13C NMR (CD3OD, 75 MHz) d: 14.57,
23.84, 25.99, 27.29, 30.31, 30.60, 33.04, 33.31, 43.28, 59.07, 60.77,
128.13, 128.62, 129.70, 130.34, 136.57, 165.06, 166.25, 174.76,
177.09.


Antibacterial activity


Antibacterial activity of the compounds was studied by deter-
mination of minimal inhibitory concentrations (MIC) according
to the NCCLS guidelines19,20 using the broth micro dilution
method.


Anti-tuberculosis and cytotoxicity assays


Activity against replicating Mycobacterium tuberculosis H37Rv
(American Type Culture Collection, Rockville, MD) was deter-
mined using a fluorescence readout in the Microplate Alamar
Blue Assay (MABA)22,24 following incubation for one week with
test compounds in glycerol-alanine-salts medium (GAS) as well
as in medium without added iron but with Tween 80 (GAST).23


The MIC was defined as the minimum concentration inhibiting
fluorescence by 90% relative to bacteria-only controls. Toxicity to
African green monkey kidney cells (VERO) was determined using
a colorimetric assay as previously described.24
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L-N-MCd4T (1) has been synthesized as a potent anti-
HIV agent starting from (R)-epichlorohydrin using tandem
alkylation, chemoselective reduction of ester in the presence
of lactone functional group, RCM reaction and Mitsunobu
reaction as key steps and was found to be a very potent anti-
HIV-1 (EC50 = 6.76 lg mL−1) agent without cytotoxicity up
to 100 lg mL−1, indicating that the anti-HIV-1 activity found
is similar to that of ddI (EC50 = 4.95 lg mL−1), which is used
clinically for the treatment of AIDS patients.


Human immunodeficiency virus (HIV) is a pathogenic retrovirus
and the causative agent of AIDS.1 In the search for an effective
chemotherapeutic agent of HIV infections, initial attempts were
focused on the development of 2′,3′-dideoxynucleosides (ddNs).2


Among them, AZT, ddI, ddC and d4T3 have been clinically used
for the treatment of AIDS patients. Peculiarly, d4T has a double
bond at its pseudosugar ring, which renders the pseudosugar
ring to be nearly planar and highly rigid. 3TC4 has been also
used as anti-HIV and anti-HBV agents. Because it does not have
hydroxyl substituents at both the 2′- and 3′-position, 3TC might be
considered as a member of ddNs family. Therefore, ddN analogs
still seem to be the most promising candidates for AIDS treatment,
although most of them have the property of easy cleavage of their
glycosidic bond, compared with normal nucleosides under acidic
conditions.


Carbocyclic nucleosides5 have been synthesized mainly with
the purpose of overcoming cleavage of the glycosidic bond,
which readily occurs in conventional nucleosides by chemical or
enzymatic means.5a,6 On the other hand, conformationally rigid
methanocarba (MC) nucleosides built on a bicyclo[3.1.0]hexane
template have a south (S, 3E)7 or north (N, 2E)8 conformation as in
normal nucleosides. These rigid MC nucleosides have been synthe-
sized to study the conformational preferences of various enzymes
involved in nucleoside and nucleotide metabolism. Recently, D-N-
MCd4T,9 bearing a locked North conformation and a 2′,3′-double
bond in a single structure has been synthesized and its anti-HIV
activity was compared with that of d4T (Fig. 1). Although D-N-
MCd4T was somewhat less potent than d4T, it showed significant
antiviral activity against HIV-1 and HIV-2 with less cytotoxicity
and was stable under conditions that would cleave d4T. On the
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Fig. 1 The rationale for the design of the desired nucleoside, L-N-MCd4T
(1).


other hand, a number of L-nucleosides such as 3TC,4 FTC,10 L-
d4FC11 and L-5-FddC12 have been also reported to show highly
potent anti-HIV activity.


As a part of our ongoing efforts to search for novel antiviral
agents with better potency and less cytotoxicity, it was of interest
to synthesize L-N-MCd4T (1), an enantiomer of D-N-MCd4T as a
potent anti-HIV agent on the basis of these findings. Here, we wish
to report a new synthetic approach to conformationally locked
L-N-MCd4T (1) using cyclopropanation via tandem alkylation,
ring-closing metathesis (RCM) and Mitsunobu reaction as the
key steps from (R)-epichlorohydrin and its anti-HIV activity.


A new strategy for the synthesis of L-N-MCd4T (1) was
highly required because the method used for the synthesis of D-
N-MCd4T,9 the enantiomer of L-N-MCd4T (1) was somewhat
lengthy.


First, synthesis of a glycosyl donor, bicyclo[3.1.0]hexenol tem-
plate (2S)-10 for the synthesis of L-N-MCd4T (1) is described in
Scheme 1. Compound 2 was synthesized in two steps according to
the procedure reported by Tsuji and his co-workers.13,14 Reaction
of (R)-epichlorohydrin with diethyl malonate and sodium metal
gave cyclopropane-fused lactone 2 via tandem alkylation followed
by lactonization. The lactone moiety of 2 was more susceptible to
hydrolysis than the ester, maybe due to the structural constraint
caused by a fused cyclopropane ring. Treatment of 2 with 1 equiv.
of NaOH in ethanol afforded monocarboxylate sodium salt 2a,
the ester of which was chemoselectively reduced by NaBH4 under
reflux and recyclized back to lactone 3 under acidic conditions.
Protection of hydroxyl group of 3 with tert-butyldiphenylsilyl
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Scheme 1 Reagents and conditions: (a) (EtO2C)2CH2, Na, EtOH, 80 ◦C,
20 h; (b) i) 1 eq. NaOH, EtOH, rt, 16 h; ii) NaBH4, reflux, 3 h, then
2 M HCl, rt, 18 h; (c) TBDPSCl, imidazole, CH2Cl2, rt, overnight;
(d) Dibal-H, CH2Cl2, −78 ◦C, 30 min; (e) CH3PPh3Br, t-BuOK, THF,
rt, 3 h; (f) oxalyl chloride, DMSO, CH2Cl2, −78 ◦C, 1 h, then Et3N, rt, 1 h;
(g) vinylmagnesium bromide, THF, −78 ◦C, 1 h; (h) 2nd generation Grubbs
catalyst, CH2Cl2, rt, 1.5 h, 85% for (2S)-10, 84% for (2R)-10.


chloride produced silyl ether 4, which was reduced with Dibal-H
at −78 ◦C to give the corresponding lactol 5 in 97% yield. Wittig
reaction of lactol 5 with methyltriphenylphosphonium bromide in
the presence of potassium tert-butoxide afforded hydroxy olefin
6 in 88% yield after quenching with aqueous NH4Cl solution.
However, when after the Wittig reaction the reaction mixture
was extracted with EtOAc and water without adding aqueous
ammonium chloride solution, a new by-product appeared at a
higher Rf value than that of the desired compound 6 in a 10–
20% yield. It turned out to be acetylated compound 6a by 1H,
13C and COSY NMR experiments. Swern oxidation of 6 with
oxalyl chloride and DMSO at −78 ◦C smoothly gave aldehyde 7,
which was subjected to a Grignard reaction with vinylmagnesium
bromide to afford allylic alcohols 8‡ (48%) and 9§ (39%), easily
separated by normal silica gel column chromatography. The
stereochemistry of 8 and 9 couldn’t be determined until the
bicyclo[3.1.0]hexenol template was formed via the RCM reaction.
RCM reaction15 of diene 9 and 8 with a second generation Grubbs
catalyst produced the bicyclo[3.1.0]hex-3-en-2-ol templates (2S)-
10¶ and (2R)-10‖, respectively. The stereochemistry of these was
confirmed by comparing their 1H NMR spectra with that of the au-
thentic enantio-counterpart, an enantiomer of (2S)-10, prepared


from a chiral bicyclo[3.1.0]hexane template,16 indicating that the
compound derived from 9 has the desired (2S)-stereochemistry.
(2S)-10 was ready for the coupling of nucleobases to yield various
nucleosides.


Synthesis of L-N-MCd4T (1) from bicyclo[3.1.0]hexenol (2S)-
10 via a coupling reaction with N3-benzoylthymine is described
in Scheme 2. Condensation of (2S)-10 with N3-benzoylthymine
under Mitsunobu conditions afforded N-alkylated product 11
in 52% yield. The desired final product, L-N-MCd4T (1) was
obtained after removal of benzoyl and TBDPS groups by suc-
cessively treating with ammonium hydroxide in methanol and
tetrabutylammonium fluoride (TBAF) in THF.


Scheme 2 Reagents and conditions: (a) N3-benzoylthymine, DEAD, PPh3,
THF, 0 ◦C, 6 h; (b) 28% NH4OH–MeOH (1 : 10), rt, 7 h; (c) TBAF, THF,
rt, 1 h.


L-N-MCd4T (1) exactly matched with all spectral properties
of the enantio-counterpart, D-N-MCd4T prepared from chiral
bicyclo[3.1.0]hexane template except the sign of optical rotation
value.9


Antiviral activity of the synthesized L-N-MCd4T (1) was
measured against a HIV (human immunodeficiency virus) type
1 and 2. In MT4 (HTLV-1-infected human T lymphocyte) cells,
L-N-MCd4T (1) exhibited significant anti-HIV-1 activity (EC50 =
6.76 lg mL−1), which was about 1.3-fold less potent than ddI
being clinically used, without cytotoxicity up to 100 lg mL−1.
Interestingly, L-N-MCd4T (1) was inactive against HIV-2 whereas
ddI showed moderate activity (EC50 = 16.00 lg mL−1).


In conclusion, we have accomplished the synthesis of novel L-
N-MCd4T (1), an enantiomer of D-N-MCd4T as a potent anti-
HIV agent employing a novel synthetic strategy starting from (R)-
epichlorohydrin. Tandem alkylation, lactonization, chemoselec-
tive reduction of ester in the presence of lactone functional group,
Grignard reaction, RCM reaction, and Mitsunobu reaction were
the key reactions to achieve the synthesis of L-N-MCd4T (1). L-N-
MCd4T (1) was found to show potent anti-HIV-1 activity similar
to that of ddI, which is a clinically useful anti-AIDS drug, in MT-
4 cells without appreciable cytotoxicity up to 100 lg mL−1. This
observation shows that L-type bicyclo[3.1.0]hexene (2S)-10 might
be regarded as a new template for the development of anti-HIV
agents.


This work was supported for two years by Pusan National
University Research Grant (to H. R. Moon).
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Notes and references


‡ (−)-(1R)-1-[(1R,2S)-2-(tert-Butyl-diphenyl-silanyloxymethyl)-2-vinyl-
cyclopropyl]prop-2-en-1-ol (8). [a]25


D −22.8 (c 1.06, in CHCl3) (Found: C,
76.51; H, 8.39. Calc. for C25H32O2Si: C, 76.48; H, 8.22%); dH (200 MHz;
CDCl3) 7.69–7.35 (10 H, m, 2 × Ph), 6.06–5.87 (2 H, m, 2 × -CH=CH2),
5.37–5.09 (4 H, m, 2 × -CH=CH2), 3.75 (1 H, d, J 10.4, TBDPSCHa),
3.75–3.66 (1 H, m, CHOH), 3.50 (1 H, d, J 10.4, TBDPSCHb), 1.25–1.13
(1 H, m, methine H), 1.07 (9 H, s, t-Bu), 0.89 (1 H, s, methylene Ha), 0.85
(1 H, s, methylene Hb); dC (50 MHz; CDCl3) 140.5, 137.3, 136.0, 134.0,
130.0, 130.0, 128.0, 116.3, 114.5, 73.5, 68.9, 30.1, 29.2, 27.2, 19.7, 13.6;
m/z (ESI) 415 (83, M + Na)+.
§ (−)-(1S)-1-[(1R,2S)-2-(tert-Butyl-diphenyl-silanyloxymethyl)-2-vinyl-
cyclopropyl]prop-2-en-1-ol (9). [a]25


D −55.9 (c 1.84, in CHCl3) (Found: C,
76.20; H, 8.58. Calc. for C25H32O2Si: C, 76.48; H, 8.22%); dH (200 MHz;
CDCl3) 7.71–7.36 (10 H, m, 2 × Ph), 6.13–5.90 (2 H, m, 2 × -CH=CH2),
5.33–5.09 (4 H, m, 2 × -CH=CH2), 3.76 (1 H, d, J 10.4, TBDPSCHa),
3.67–3.65 (1 H, m, CHOH), 3.58 (1 H, d, J 10.4, TBDPSCHb), 1.23–1.11
(1 H, m, methine H), 1.09 (9 H, s, t-Bu), 0.86 (1 H, dd, J 5.2, 8.8, methylene
Ha), 0.72 (1 H, t, J 5.2, methylene Hb); dC (50 MHz; CDCl3) 140.1, 137.3,
136.1, 136.1, 134.0, 134.0, 130.1, 130.0, 128.0, 128.0, 116.6, 114.7, 73.5,
69.0, 30.4, 30.2, 27.3, 19.7, 14.2; m/z (ESI) 415 (60, M + Na)+.
¶ (+)-(1R,2S,5S)-5-(tert-Butyl-diphenyl-silanyloxymethyl)-bicyclo[3.1.0]-
hex-3-en-2-ol ((2S)-10). To a stirred solution of 9 (748 mg, 1.91 mmol)
in CH2Cl2 (45 mL) was added Grubbs catalyst 2nd generation (56 mg,
0.07 mmol) at 0 ◦C, and the reaction mixture was stirred for 1.5 h at room
temperature. After the volatiles were removed, the resulting residue was
purified by flash column chromatography using hexane and ethyl acetate
(4 : 1) as the eluent to give bicyclo[3.1.0]hexenol (2S)-10 (590 mg, 85%) as a
colorless oil. 1H NMR data were identical to those of the authentic sample,
the enantio-counterpart9 synthesized by Marquez and his co-workers [a]25


D


+10.3 (c 1.13, CHCl3) (Found: C, 75.81; H, 7.56. Calc. for C23H28O2Si: C,
75.78; H, 7.74%); dC (50 MHz; CDCl3) 138.3, 135.8, 135.7, 134.0, 133.9,
131.0, 129.8, 127.8, 78.0, 64.9, 38.8, 27.0, 22.9, 20.3, 19.4; m/z (EI) 346
(7, M − H2O)+.
‖ (−)-(1R,2R,5S)-5-(tert-Butyl-diphenyl-silanyloxymethyl)-bicyclo[3.1.0]-
hex-3-en-2-ol ((2R)-10). (2R)-10 was synthesized in 84% yield in the similar
procedure to the synthesis of (2S)-10 [a]25


D −30.9 (c 1.05, in CHCl3) (Found:
C, 76.03; H, 7.80. Calc. for C23H28O2Si: C, 75.78; H, 7.74%); dH (500 MHz;
CDCl3) 7.70–7.39 (10 H, m, 2 × Ph), 6.21 (1 H, d, J 5.5, vinylic H), 5.58–
5.57 (1 H, br d, J 5.5, vinylic H), 4.39 (1 H, d, J 1.5, 2-H), 3.97 (1 H, d, J
11.0, TBDPSOCHa), 3.74 (1 H, d, J 11.5, TBDPSOCHb), 1.64 (1 H, dd,
J 4.0, 8.5, 1-H), 1.08 (9 H, s, t-Bu), 1.00 (1 H, dd, J 4.0, 8.0, 7-Ha), 0.20
(1 H, t, J 4.0, 7-Hb); dC (50 MHz; CDCl3) 140.4, 135.8, 135.8, 134.0, 133.9,
130.1, 129.8, 127.8, 127.8, 77.6, 65.1, 37.2, 30.1, 27.0, 25.5, 19.5; m/z (EI)
346 (12, M − H2O)+.
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7-Methyl-8-oxo-2′-deoxyguanosine, an analogue of the abun-
dant promutagen 8-oxo-2′-deoxyguanosine, was incorpo-
rated into oligonucleotides and tested for its stability in
various base pairs.


8-Oxo-2′-deoxyguanosine (OdG) is an abundant DNA lesion that
arises through exposure of dG to chemical carcinogens, radiation
and metabolic respiration.1 It is one of the most common damaged
nucleotides in mammalian cells,2 and has been linked to ageing3


as well as cancer.4 Previous studies have shown that OdG forms
stable base pairs with both dC and dA,5,6 and it can lead to
dG → T tranversions in vivo.7 Though OdG adopts an anti
conformation and utilizes classic Watson–Crick hydrogen bonds
when base pairing to dC,5 it adopts the syn conformation and uses
its Hoogsteen edge for hydrogen bonding when base pairing to
dA.6 OdG differs from dG at only the N7 and C8 positions, and
both these sites are key to its promiscuous base pairing. It has
been shown that the steric bulk of the oxygen at C8 destabilizes
the anti conformation,8 thereby destabilizing OdG(anti):dC base
pairs, while the N7-hydrogen can act as a hydrogen bond donor
and stabilize OdG(syn):dA mismatches. Due to these, and possibly
other reasons, OdG(anti):dC base pairs are only a bit more
stable that OdG(syn):dA base pairs,9 despite having an additional
hydrogen bond.


In response to the abundance and promutagenicity of OdG, cells
have evolved repair enzymes that remove OdG from OdG:dC base
pairs.10 Since none of these enzymes are active with dG:dC base
pairs, the N7 and/or C8 positions must be an important element
for substrate recognition by these enzymes. Several crystal struc-
tures have provided evidence for a direct interaction between the
N7-hydrogen and the various enzymes,11 while biochemical studies
suggest the C8-oxygen may be important instead.10 To address
these questions and provide a means to alter the N7 position while
leaving the C8-oxygen unchanged, we set about synthesizing 7-
methyl-8-oxo-2′-deoxyguanosine (MdG) and incorporating it into
DNA.


Though 7-methyl-8-oxoriboguanosine has been reported
previously,12 the 2′-deoxy derivative (MdG) is not known. We
first attempted to synthesize MdG using a method similar to that
reported for 7-methyl-8-oxoriboguanosine by methylating a fully
protected dG derivative at N7 and then oxidizing at C8.


Department of Chemistry, University of Richmond, Richmond, VA,
23173, USA. E-mail: mhamm@richmond.edu; Fax: +1 (804)287-1897.
Tel: +1 (804)287-6327
† Electronic supplementary information (ESI) available: Synthesis, purifi-
cation and characterization of 2–8, 9a and 10. Procedures and full or raw
data for oligonucleotide digestion and analysis, and melting and NMR
studies. See DOI: 10.1039/b612597b


Though the methylated product could be isolated in good yield,
the material consistently decomposed during the oxidation step,
most likely due to depurination. Even after much investigation, no
suitable procedure could be found. Thus we decided to synthesize
the ribose derivative and then employ Barton–McCombie chem-
istry to deoxygenate at C2′. Since the standard protecting group
for the exocyclic amine of dG in DNA solid-phase synthesis is an
isobutyryl (iBu) group, we first synthesized the tetraisobutyrylated
rG derivative (1) through known procedures.13 The nucleoside
was then methylated at N7 with iodomethane before oxidation
at C8 with hydrogen peroxide in acetic acid to form N,2′,3′,5′-
tetraisobutyryl-7-methyl-8-oxoguanosine (3; Scheme 1). Selective
deprotection of the sugar alcohols with sodium methoxide before
selective protection of the 3′- and 5′-alcohols with a tetraisopropy-
ldisiloxy (TIPDS) group yielded compound 4. After derivatizing
the free 2′-hydroxyl with a phenoxythiocarbonyl group, it was
easily removed by reductive cleavage with tributyltin hydride and
AIBN to give the 2′-deoxy derivative 5. The TIPDS group was then
removed with 0.5 M TBAF in THF and the isobutyryl-protected
MdG derivative 6 was isolated. Finally, in order to prepare MdG
for chemical DNA synthesis, the 5′-hydroxyl was protected as a
dimethoxytrityl (DMTr) ether and the 3′-hydroxyl was activated
as a phosphoramidite.


Standard synthesis and deprotection conditions were used
to construct an oligonucleotide 11 nucleotides long, with the
sequence 5′-dCCATCXCTACC-3′, where X is MdG (9a). After
purification by 20% PAGE and RP-HPLC, 9a was characterized
by MALDI-TOF mass spectrometry, as well as nuclease digest
experiments (see Supplementary information†). To complete the
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Scheme 1 Synthesis of the phosphoramidite derivative of MdG ready for solid-phase synthesis. Reagents and conditions: (i) CH3I, DMF, 37 ◦C, overnight;
(ii) 30% H2O2, AcOH, 37 ◦C, 3.25 h; (iii) 0.2 M NaOH in 65 : 35 pyridine–MeOH, 0 ◦C, 30 min; (iv) TIPDS-Cl, pyridine, rt, 1 h; (v) ClC(S)OPh, CH2Cl2,
rt, 2 h; (vi) Bu3SnH, AIBN, toluene, 70 ◦C, 1.5 h; (vii) 0.5 M TBAF in THF, rt, 2.5 h; (viii) DMTr-Cl, DMAP, pyridine, rt, 1.25 h; (ix) (iPr)2NEt,
Me-imidazole, ClP(N(iPr)2)OCH2CH2CN, CH2Cl2, rt, 30 min.


series, oligonucleotides where X = dG (9b) and OdG (9c) were
purchased and purified as well. All three oligonucleotides were
then paired with complementary oligonucleotides that contained
one of the four naturally occuring deoxynucleotides opposite the X
position, and tested for their stability in melting studies (Table 1).14


Since all duplexes were melted under the same conditions and they
all contained the same sequence except at the one base pair, the
stabilities of the varying base pairs can be directly compared.


Similar to previous results, OdG:dC and OdG:dA base pairs
were less and more stable, respectively, than dG:dC and dG:dA
base pairs. Interestingly, MdG:dC and OdG:dC base pairs were
of similar stability, indicating the absence of the N7-hydrogen
and the presence of the N7-methyl are both unimportant to the
stability of this base pair. Not surprisingly, MdG:dA base pairs
were significantly less stable than OdG:dA base pairs. This can
easily be explained not only by the absence of an N7-hydrogen,
but also by the presence of the N7-methyl, which could be in
steric clash with the N1 of dA if MdG is in the syn conformation.


Table 1 Melting temperatures (Tm/◦C) of DNA duplexesa


Y = dC Y = dA Y = T Y = dG


X = dG 57.5 ± 0.5 43.2 ± 0.2 46.3 ± 0.4 45.1 ± 0.2
X = OdG 52.7 ± 0.5 48.0 ± 0.3 41.5 ± 0.2 40.9 ± 0.5
X = MdG 53.3 ± 0.2 39.0 ± 0.2 41.2 ± 0.6 38.3 ± 0.6


a Average Tm ± standard deviation was calculated from three or more
melting experiments.


Additionally, MdG:dA, and MdG:T and OdG:T base pairs were
all less stable than dG:dA and dG:T base pairs, respectively. Since
dG often adopts the anti conformation when base pairing to dA
and T (as in dG:dC base pairs; Scheme 2),15 the steric bulk of
the C8-oxygen in MdG and OdG would also destabilize these
mismatches if they are also in the anti conformation. Finally, OdG
and MdG formed less stable base pairs with dG than did dG itself.
Even though dG:dG base pairs usually involve one dG in the
anti conformation and the other dG in the syn conformation,16


neither of these options are suitable for OdG and MdG, since the
steric clash of the C8-oxygen would destabilize the base pair if
they adopted the anti conformation, while neither has the strong
N7 hydrogen bond accepting ability required when in the syn
conformation.


Scheme 2 Common structures for base pair mismatches with dG.
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To further confirm that the C8-oxygen destabilizes the anti
conformation in MdG, we synthesized the MdG mononucleo-
side from its isobutyrylated derivative (Scheme 3). Deprotection
through treatment with methoxide, followed by purification
through a reverse-phase C18 column yielded the pure monomer 10.
It is known that an anti-to-syn nucleoside conformational change
results in strong downfield and upfield shifts in the H2′ and C2′


signals, respectively.17 Such shifts were observed for MdG when
compared to dG (see Supplementary information†), consistent
with MdG prefering the syn conformation. These results further
the argument that the presence of the C8-oxygen destabilizes the
anti conformation, thereby destabilizing base pairs that contain
MdG in the anti conformation.


Scheme 3 Synthesis of the MdG monomer. Reagents and conditions:
(i) 0.3 M NaOMe in HOMe, 40 ◦C, 5 h.


In conclusion, we have developed an efficient route toward the
incorporation of the OdG analogue MdG into oligonucleotides.
It should be noted that though this adduct may be produced
naturally in cells, it is highly unlikely due to the already low
abundance of either OdG or 7-methyl-2′-deoxyguanosine. Still,
MdG is of great importance since it has the potential to help
elucidate the role of the N7-hydrogen in the biological activities
of OdG. We are currently testing the activity of various repair
enzymes with MdG in order to better understand their modes of
substrate recognition.
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The novel multicomponent reaction of [60]fullerene with
dimethyl acetylenedicarboxylate and isoquinoline, quinoline
or substituted quinolines was investigated. This type of reac-
tion presents the first example of a 1,4-dipolar cycloaddition
reaction in fullerene chemistry.


There has been a steady and progressive interest in chemical modi-
fications of [60]fullerene (C60) since its macroscopic availability in
1990. An impressive number of fullerene derivatives have been
synthesized via various functionalization methods,1 and some of
them have potential applications in biology and material sciences.2


Cycloaddition reactions are among the pioneering reactions
studied in fullerene chemistry and show considerable promise for
functionalization of the fullerene sphere. Generally, there are four
major types of cycloaddition reactions concerning fullerenes, that
is, the [2 + 1], [2 + 2], [2 + 3] and [2 + 4] cycloaddition reactions.1


Among these successful functionalization methodologies explored
over the years, the reported [2 + 4] cycloaddition reactions are
mainly limited to the Diels–Alder reaction of C60.1 Carbon–
carbon and carbon–nitrogen bond-forming reactions mediated by
zwitterions generated by the addition of organic nucleophiles such
as phosphines, isocyanides, nucleophilic carbenes, pyridines and
tertiary amines to activated unsaturated systems such as electron-
deficient alkynes, allenes and diethyl azodicarboxylate have been
investigated intensively.3 Nair et al. reported that the Huisgen
1,4-dipole derived from isoquinoline and dimethyl acetylenedicar-
boxylate (DMAD) could readily react with N-tosylimines, 1,2- and
1,4-benzoquinones and activated styrenes.4 In the continuation
of our interest in fullerene chemistry,5 and recognizing the
convenience and efficiency of this Nair methodology, we decided
to examine the feasibility of this 1,4-dipole and other 1,4-dipoles
formed from quinolines and DMAD to the cycloaddition reaction
with C60 as the dipolarophile. Our investigation attested the
validity of this approach, and the result is presented in this paper.
Even though the reaction of C60 with various 1,3-dipoles such as
azomethine ylides, diazo compounds, azides, nitrile oxides, nitrile
ylides, nitrile imines, pyrazolinium ylides has been reported,1 to
the best of our knowledge, this is the first example of 1,4-dipolar
cycloaddition reaction in fullerene chemistry.


To begin our study, we examined the reaction of C60 with
isoquinoline (1a) and DMAD (2) in refluxing toluene for 1.5 h.
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An exceedingly facile reaction occurred and gave a novel C60-
fused isoquinoline derivative 3a in 62% yield along with 21% of
recovered C60 (Scheme 1).6 Another possible product resulted from
the different orientation of the isoquinoline appended unit (fusion
at the nitrogen atom and C3 atom) was not observed.


Scheme 1


The identification of compound 3a was made by its MS, 1H
NMR, 13C NMR, IR and UV-vis spectra. The ESI mass spectrum
of 3a showed the ion peak at m/z 992 (M+ + 1) as the base peak.
The 1H NMR spectrum of 3a in CDCl3 displayed two singlets at
3.91 ppm and 4.04 ppm for the two OCH3 groups, and a singlet at
6.31 ppm for the methine proton besides the six aromatic protons.
In the 13C NMR spectrum of 3a in CDCl3, the four peaks at
167.25, 162.61, 53.16 and 52.69 ppm were assigned to the two
methoxycarbonyl groups; the peak at 69.42 ppm was due to the
methine carbon; the two sp3-carbons of the C60 cage appeared
at 79.85 and 66.21 ppm; sixty peaks including six overlapped
ones were observed in the range of 155–105 ppm, and were
assigned to the fifty-eight sp2-carbons of the C60 skeleton, eight
aromatic carbons and two alkenic carbons, consistent with the
C1 symmetry of its molecular structure. The IR spectrum of 3a
exhibited absorptions at 1732 cm−1 due to the carbonyl group, and
at 1433, 1190, 575 and 527 cm−1 for the four characteristic peaks
of the C60 skeleton. The UV-vis spectrum of 3a exhibited peaks at
256, 312, 432 and 704 nm, which are diagnostic absorptions for a
cycloadduct of C60 at the 6:6-junction.


We surmised that Huisgen 1,4-dipoles generated from DMAD
and quinoline or substituted quinolines might be applied
to fullerene functionalizations. To our delight, the reaction
of C60 with quinoline (1b) (or 6-methoxyquinoline (1c), 6-
methylquinoline (1d), 4-methylquinoline (1e)) and DMAD in
refluxing toluene afforded C60-fused quinoline derivatives 3b–3e
(Scheme 2).6 Compounds 3b–e were also fully characterized by
MS, 1H NMR, 13C NMR, IR and UV-vis spectral data, and
exhibited spectral patterns similar to those of adduct 3a.


The reaction times, yields and recovered C60 for the reaction of
C60 with 1b–e and DMAD along with those for 1a are listed in
Table 1.


Other reaction conditions were also examined. The dryness of
toluene had little effect on the reaction of C60 with 1a–1e at 110 ◦C
and gave almost the same result. The reaction in toluene at room
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Scheme 2


Table 1 Reaction times, yields and recovered C60 for the reactions of C60


with DMAD and 1a–e


Product Reaction time/h Yield (%) Recovered C60 (%)


3a 1.5 62 21
3b 5 31 57
3c 5 30 59
3d 5 33 53
3e 3 40 41


temperature could proceed, but it was too sluggish. The reaction in
other solvents such as chlorobenzene and 1,2-dichlorobenzene at
110 ◦C afforded nearly the same product yield as that in refluxing
toluene. However, it was more difficult to remove these solvents
due to higher boiling points.


The possible mechanism for the reaction of C60 with DMAD
and quinolines is shown in Scheme 3. Quinolines 1b–1e react with
DMAD to form 1,4-dipolar intermediates 4b–4e. Cyclizations of


Scheme 3


1,4-dipoles 4b–4e with C60 in either stepwise or concerted way give
fullerene derivatives 3b–3e. The reaction pathway for the reaction
of C60 with DMAD and isoquinoline (1a) proceeds by a similar
route.4


In summary, the first example of 1,4-dipolar cycloaddition
reaction of C60 was established through the reaction of C60 with
DMAD and isoquinoline or quinolines. The current multicom-
ponent reaction provides a simple and straightforward method of
integrating the biologically important quinoline and isoquinoline
moiety into fullerene derivatives.


We are grateful for the financial support from the National
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Photolysis of the Ni(II), Cu(II), and Zn(II) 2-diazo-3-
oxochlorins generates 4-membered rings containing azeteo-
porphyrins.


Porphyrins and chlorins, by virtue of their unique electronic
properties have been evolved as key components of artificial
photosynthetic devices1 and molecular materials,2 as well as
effective agents in medical applications such as photodynamic
therapy (PDT).3 The latter area utilizes low energy photoexcitation
at tissue transparent wavelengths in the near infrared spectral
region to form toxic “diradical-like” species such as 1O2 from 3O2


via annihilation of the photogenerated 3pp* state.
In a chemically related arena, valence deficient carbene di-


radicals produced by loss of dinitrogen from diazoketones are
known to undergo H-atom abstraction (triplet) or insertion
(singlet) reactions with external substrates.4 They also facilitate
complex internal transformations5 such as the Wolff rearrange-
ment of the ketocarbene to form a ketene that subsequently
reacts with nucleophiles.6 Photochemically, diazoketones are quite
reactive, making them intriguing candidates for chromophore-
based photo-therapeutic applications (e.g. PDT), especially in
hypoxic environments. Moreover, since unusual and effective
chromophore periphery modification2,7 is also important for
nearly all porphyrinoid-based applications, diazoketone reactivity
may have considerable potential in this area as well.


Current literature provides only one synthetic route to 2-diazo-
3-oxochlorins; the reaction of aminoporphyrins with NaNO2


in THF.8 This is an established method to diazonium salts,9


but in the presence of trace peroxides in THF, it fortuitously
generates the Cu(II) and Ni(II) 2-diazo-3-oxochlorins in 54% and
30% yields, respectively.8 Our previous work on photochemical
diradical generating systems,10–12 and those conjugated to strong
chromophores,13,14 prompted our interest in the syntheses and
photoreactivities of 2-diazo-3-oxochlorins.


The accessibility of 2,3-dioxochlorins15,16 and the well known
conversion of a-dioxo functionalities to a-diazo-oxo systems in
high yields by reaction with p-toluenesulfonylhydrazine,17–19 espe-
cially in p-electron conjugated backbones,18 inspired our synthetic
approach to these targets (Scheme 1). The 2,3-dioxochlorins pre-
cursors (1–3)15,16 are readily prepared by a literature procedure.15


The desired (2-diazo-3-oxochlorinato)nickel(II) (4), copper(II) (5),
and zinc(II) (6) compounds are then obtained by reaction of 1–
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Scheme 1 Synthesis of 2-diazo-3-oxochlorins.


3 with 20 equiv. of p-toluenesulfonylhydrazine under reflux in
dichloromethane for 9 h, 6 h, and 3 h, respectively. Separation
by column chromatography yielded 4 (60%), 5 (77%), and 6 (74%)
in markedly better yields than previously reported.8 Use of Zn(II)
as a co-reagent can reduce these reaction times by as much as a
factor of six.20


Photolysis of 4 and 5 in a 1 : 1 mixture of CHCl3–MeOH was
previously reported to yield photoproducts involving substitution
on the periphery of the p-electron conjugated macrocycle. These
products are the hydroxy porphyrin (4a, 5a: trace, 25%), the
methoxy porphyrin (Ni(II): 8%, Cu(II): 28%) and two MeOH
insertion oxochlorin products, the methoxy (4b, 5b: 10%, 5%) and
dimethoxy (4c, 5c: 14%, 11%) species.21 The latter products suggest
involvement by carbene intermediates, the precise natures of which
were not determined.


Carbene intermediates in heterocyclic ring systems can also
undergo the Wolff rearrangement.6,22 To date, only two examples
of pyrrole ring-contracted porphyrinoid constructs featuring a
4-membered azete moiety have been reported, and both were
obtained by thermal oxidation.23,24 We postulated that such an
azeteoporphyrin should be accessible via the photoinduced Wolff
rearrangement. One may also expect other periphery modification
such as radical or nucleophile addition products resulting from
unimolecular or bimolecular reactions.


Toward these goals, a 0.7 mM solution of 4 in a 1.67 : 1
solution of dried, degassed CH2Cl2 : MeOH (40 mL) was irradiated
with a 200 W HgXe lamp in a Pyrex vessel (k > 300 nm)
under nitrogen for 6 h at 10 ◦C. The photoreaction generated
two major and two minor molecular products that were com-
pletely characterized, as well as black residue that is insolu-
ble in standard organic solvents. Analogous to the previous
report, we also obtain (2-hydroxy-5,10,15,20-tetraphenylporphy-
rinato)nickel(II) 4a (3%) and (2-methoxy-3-oxo-5,10,15,20-
tetraphenylchlorinato)nickel(II), 4b (5%), but in low yields. We ob-
serve in much better yield, the dimethoxychlorin (2,2-dimethoxy-
3-oxo-5,10,15,20-tetraphenyl-chlorinato)nickel(II) 4c (32%), as
well as the unusual pyrrole ring-contracted target azeteoporphyrin
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compound 4d25 (16%) derived from the Wolff rearrangement and
quenching by MeOH (Fig. 1).


Fig. 1 X-Ray structure of photoproduct 4d. Upper: front view, Lower:
side view along N2–Ni1–N4 axis; Thermal ellipsoids are illustrated at 50%
probability; H-atoms are omitted for clarity.


Photolysis of the Cu(II) 2-diazo-3-oxochlorin 5 under the same
conditions generates chemically similar photoproducts, including
the 4-membered ring-containing Cu(II) azeteoporphyrin, 5d26 (7%)
(Scheme 2). Isolation of 4d and 5d led us to conclude that 4 and 5


Scheme 2 Photoreaction products obtained upon irradiation of 4, 5,
and 6.


traverse similar reaction pathways, which are analogous to the one
proposed by Meinwald27 where methanol addition to the ketene
generates a methoxy ester.


Due to multiple product formation, a single quantum yield for
the overall photoreaction was obtained by monitoring the photo-
bleaching of the Soret band at kmax = 430 nm.28 The quantum yield
for the decay of 5 in CH2Cl2 at k = 365 nm irradiation wavelength
was measured to be U365 = 0.13, which is in accordance with
published values for UV-excitation of diazoketones.29


One additional photoproduct was also detected in trace
amounts; the dimerization product of two Ni(II) 2-diazo-3-
oxochlorins, which are fused at the 2-position upon loss of N2


4e30 (Fig. 2). The X-ray structure of the dimer also reveals
formation of an exocyclic ring, suggesting that the mechanism
for dimerization first involves radical addition to the meso-phenyl
ring.14 Although mechanistically speculative, the dimer is a glimpse
into the nature of the black residue formed upon photolysis of 4
and 5, suggesting formation of high molecular weight species.
Efforts to reduce the yield of that material by dilution have thus
far been unsuccessful, indicating that the bimolecular aggregation
kinetics compete favorably with substrate addition and the Wolff
rearrangement.


Fig. 2 X-Ray structure of photoproduct 4e. Thermal ellipsoids are
illustrated at 50% probability; H-Atoms and spectator phenyl rings are
omitted for clarity.


To determine whether the unfilled d-shell of the central metal
influences the photochemical reactivity and product yields, (2-
diazo-3-oxochlorinato)zinc(II) 6 was prepared using the synthetic
method described above. When a 0.7 mM solution of 6 in a 1.6 : 1
solution of dried, degassed CH2Cl2 : MeOH was irradiated (200 W
HgXe, k > 300 nm) for 6 h at 10 ◦C, the analogous products (6a–
d) to those isolated upon photoreaction of 4 and 5 were obtained
in similar quantities. This indicates limited influence of charge
transfer or ligand field excited states in the excited state reaction
dynamics.


The unique X-ray structures of 4d and 5d are isomorphous
and reveal that the macrocycles are both planar with remarkably
short M–Nazete distances (4d: 1.83 Å, 5d: 1.89 Å). Typically, metal
ions with small radii compensate for the larger porphyrin core size
by drawing in the pyrrole nitrogens, resulting in puckering of the
backbone.31,32 For 4d and 5d this is not the case as the rigidity
of the smaller macrocycle enforces a planar structure, despite the
short M–Nazete bonds. The result is unusual considering the highly
ruffled/saddled nature of many Ni(II) porphyrins.13,33
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The Wolff photoproducts 4d and 5d can be considered as a
type of chlorin since they possess an electronic structure with the
requisite 20p electron macrocycle. This assumption is supported by
the chlorin-like electronic absorption spectra of these compounds
(e.g. 4d, Fig. 3), which show a prominent Qx band as the lowest
energy feature. Relative to the starting diazo-oxochlorin 4, the
absorption profile of 4d exhibits a modest blue-shift, likely due to
reduction of the conjugation length and pronounced planarity of
the macrocycle.33


Fig. 3 Electronic absorption spectra for 4 and 4d in CH2Cl2.


To probe whether visible region photolysis could generate the
Wolff product, 4 and 5 were irradiated with a HgXe lamp (200 W,
k ≥ 395 nm) for 48 h at 10 ◦C in a Pyrex vessel under nitrogen.
Although the photolysis times were increased, Wolff products 4d
and 5d are still obtained in 6% and 8% isolated yields, respectively,
due to conjugation of the diazo unit into the visible region pp*
transitions of the macrocycle.


The formation of Wolff products 4d–6d and C–C bond coupling
species 4e derive from carbene insertion, suggesting formation of
a singlet carbene intermediate. Indeed, photolysis (Hg arc lamp;
100 W, 5 h) of a frozen solution of 4 and 5 at 5 K within an
EPR cavity (X-band) yields no new EPR signals between 500–
7000 G characteristic of a triplet carbene, despite detection of
photoproduct by TLC upon thawing. Our experience in detecting
carbene and triplet diradical intermediates by frozen solution
photolysis/EPR at 5 K11,34 leads us to conclude that the carbene
intermediates of both 4 and 5 are likely singlet in nature. This is
consistent with their ability to effectively participate in the Wolff
rearrangement and C–C bond coupling rather than olefin or azine
formation.35 Herein we demonstrate a new synthetic approach
to 2-diazo-3-oxochlorins and the unprecedented photochemical
formation of azeteoporphyrins via the Wolff ring contraction.
Photoproduct analysis and low-temperature EPR measurements
suggest that singlet carbene intermediates are formed, leading to
insertion reactions, as well as formation of the ketene intermediate
of the Wolff pathway. In a general sense, our synthetic strategy
allows selective installation of a photo-labile fragment on the
periphery of a chlorin macrocycle and can therefore be seen as
a synthetic tool for future periphery modifications on porphyrinic
heterocycles. Overall, both carbene and ketene intermediates of
this type may find potential as in situ alkylating agents in photo-
therapeutic applications in hypoxic environments.


The authors wish to thank Dr Mahendra Nath and David F. Dye
for technical assistance, as well as Indiana University for funding
of this work.
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Three skeletal rearrangement channels for the norbornadiene (N•+) to the 1,3,5-cycloheptatriene
(CHT•+) radical cation conversion, initialized by opening a bridgehead-methylene bond in N•+, are
investigated using the quantum chemical B3LYP, MP2 and CCSD(T) methods in conjunction with the
6–311+G(d,p) basis set. Two of the isomerizations proceed through the norcaradiene radical cation
(NCD•+), either through a concerted path (N•+ – NCD•+), or by a stepwise mechanism via a stable
intermediate (N•+ – I1 – NCD•+). At the CCSD(T)/6–311+G(d,p)//B3LYP/6–311+G(d,p) level, the
lowest activation energy, 28.9 kcal mol−1, is found for the concerted path whereas the stepwise path is
found to be 2.3 kcal mol−1 higher. On both pathways, NCD•+ rearranges further to CHT•+ with
significantly less activation energy. The third channel proceeds from N•+ through I1 and then directly to
CHT•+, with an activation energy of 37.1 kcal mol−1. The multi-step channel reported earlier by our
group, which proceeds from N•+ to CHT•+ via the quadricyclane and the
bicyclo[2.2.1]hepta-2-ene-5-yl-7-ylium radical cations, is 4.6 kcal mol−1 lower than the most favorable
path of the present study. If the methylene group is substituted with C(CH3)2, however, the concerted
path is estimated to be 5.6 kcal mol−1 lower than the corresponding substituted multi-step path at the
B3LYP/6–311+(d,p) level. This shows that substitution of particular positions can have dramatic
effects on altering reaction barriers in the studied rearrangements. We also note that identical energies
are computed for CHT•+ and NCD•+ whereas, in earlier theoretical investigations, the former was
reported to be 6–17 kcal mol−1 more stable than the latter. Finally, a bent geometry is obtained for
CHT•+ with MP2/6–311+G(d,p) in contradiction with the planar conformation reported for this cation
in earlier computational studies.


Introduction


Hydrocarbon radical cations with strained ring structures have a
tendency to undergo facile rearrangement reactions in order to
release their strain energy. Such rearrangements occur with lower
barriers than those of the parent neutral molecules, often yielding
a variety of unexpected structures on the potential energy surface
(PES) of the radical cation.1


In particular, the PES of C7H8
•+ has been reported2 to


contain an unusually large number of stable isomers. These
include the radical cations of norbornadiene (N•+), quadricy-
clane (Q•+), 1,3,5-cycloheptatriene (CHT•+), toluene (T•+) and
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5-methylenecyclohexa-1,3-diene (MCH•+) which all have been
the focus of many experimental and theoretical investigations.
One of the most studied reactions on this surface is the facile
isomerization of Q•+ to N•+, which has become a prototype
for one-electron oxidation reactions3–10 and which has also been
given special attention as a potential application for solar energy
storage.11 In parallel, the chemistry of C7H8


•+ was also readily
augmented with new rearrangement pathways, allowing for the
observation of additional ionic species together with Q•+ and N•+


when quadricyclane (Q) and norbornadiene (N) are ionized5,7,12–14


(see Scheme 1). In particular, after ionization of both Q and N,
electron spin resonance (ESR) data5,7,12 indicate the presence of
CHT•+.


Recently, we have undertaken computational studies15 for the
isomerization reactions of Q•+ to the bicyclo[3.2.0]hepta-2,6-diene
radical cation (BHD•+), as well as for the further rearrangement16


to CHT•+ (see Scheme 1). Using quantum chemical B3LYP,
MP2 and CCSD(T) methods,17 a mechanism was proposed for
the skeletal rearrangement of Q•+ to BHD•+, which was found
to occur via a stable intermediate, the bicyclo[2.2.1]hepta-2-
ene-5-yl-7-ylium radical cation (BHE•+). At the CCSD(T)/6–
311+G(d,p)//B3LYP/6–311+G(d,p) level of calculation,17 BHE•+


was found to be 2.5 kcal mol−1 more stable than BHD•+ and,
moreover, the barrier of the Q•+ to BHE•+ reaction was found
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Scheme 1


to be 4.9 kcal mol−1 higher than the barrier of the facile Q•+


to N•+ rearrangement.15 Also, starting from BHE•+, a multistep
isomerization pathway leading to the formation of CHT•+ was
identified. At the above mentioned level of theory, the rate-
limiting step on this path has a barrier of 16.5 kcal mol−1 above
Q•+, whereas the barrier was found16 to be higher (19.3 kcal
mol−1) when BHE•+ rearranges to CHT•+ via BHD•+. The novel
distonic BHE•+ intermediate is characterized, moreover, by a
homoaromatic stabilization in a three-centre two-electron bond.18


In addition, there are other interesting rearrangement channels
on the C7H8


•+ PES, such as the path connecting N•+ directly
to BHE•+, which is ∼5 kcal mol−1 higher than the path con-
necting N•+ to BHE•+, via Q•+, as computed with CCSD(T)/cc-
pVDZ//B3LYP/6–31G(d). However, if both N•+ and Q•+ bear a
methylene group on the 7-position (C1 in Fig. 1), the corresponding
substituted paths become competitive.19 Another case where sub-
stitution affects the product outcome is the one-electron oxidation
of isopropylidene substituted Q, which gives only isopropylidene
substituted BHD as product, in quantitative yield.20


On the neutral C7H8 PES, Davidson and co-workers21 in-
vestigated the mechanism for the interconversion of CHT and
norcaradiene (NCD), also involving toluene (T), using both multi-
reference and density functional theory (DFT) methods. The
connection of these compounds with N was not explicitly under-
taken but a diradical intermediate, first proposed by Woods,22 was
assumed as a shallow intermediate following opening of one of the
bridgehead-methylene bonds in N before ring-closure to NCD. To
the best of our knowledge the corresponding radical cation
rearrangement, leading to CHT•+, has not been suggested to be
the mechanism for the CHT•+ formation. This may suggest a high
barrier for the bridgehead-methylene bond cleavage in N•+. How-
ever, a stabilization or destabilization with particular substituents
might induce profound changes in the reaction energetics of
radical cations. A recent mass spectral investigation of substituted
norbornane b-amino alcohols provides a good example.23 After
ionization of 1-amino-3,3-dimethylnorbornan-2-ols and isomeric
1-amino-7,7-dimethylnorbornan-2-ols the mass-spectral data are
dominated in both cases by the cyclopentenylimmonium ion
formed by initial C1–C2 bond cleavage (C4–C5 in our notation, see
Fig. 1). However, the latter mass-spectrum is readily augmented


Fig. 1 B3LYP/6–311+G(d,p) optimized geometries of the local minima.
The MP2/6–311+G(d,p) geometry of CHT•+ is also given for comparison
(see text). Bond lengths are given in Ångström.


with additional products originating from initial cleavage of the
bridgehead-methylene bond in the parent radical cation. Thus,
a relatively minor shift in the substitution pattern can alter the
fragmentation pattern and, further, gives strong indication that the
breaking of the bridgehead-methylene bond under such conditions
can become competitive with the lowest energy path.


Hence, in the present article we report on the results from
quantum chemical investigations of three isomerization channels
for the transformation of N•+ to CHT•+, which are all initialized
by cleavage of one of the bridgehead-methylene bonds in N•+.
In particular, two paths which pass through NCD•+ as an
intermediate following either a concerted or a stepwise process are
characterized and compared to the corresponding transformations
to neutral NCD. Besides, a novel stable ionic species is identified on
the already very rich PES of C7H8


•+ and some features concerning
the structure and the relative stability of CHT•+ and NCD•+ are
also presented and compared to the findings of earlier theoretical
studies. Finally, by adding two methyl groups at the methylene
position, the effects of substitution on the lowest energy path
located in this work are investigated.


Computational details


The Gaussian 03 suite of programs has been used for all
quantum chemical calculations and the abbreviations relating to
the employed methods are taken from this program package.24


Molekel25 was used for visual inspection of the final geometries and
vibrational frequencies, and for making pictures of the optimized
stationary points.


A preliminary investigation of the C7H8
•+ PES was performed


using B3LYP/6–31G(d,p) in the unrestricted formalism. At this
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level of theory we made sure that stationary points connected
correctly to each other in the sense of “minimum-transition
structure-minimum” by performing IRC calculations followed by
steepest descent optimizations and furthermore, by analyzing the
imaginary frequency of the transition structure. The stationary
points optimized with B3LYP/6–31G(d,p) were subsequently re-
optimized using B3LYP/6–311+G(d,p), which is our production
method for the geometries and frequencies in this work. In order
to evaluate the reliability of the B3LYP/6–311+G(d,p) structures,
the B3LYP/6–31G(d,p) geometries were also optimized using
MP2/6–311+G(d,p). However, only HF/6–311+G(d,p) level of
calculation has been used for the optimization of two of the
transition structures (TS1 and TS3, see below) which could not
be obtained at the MP2 level. For the substituted species the
geometries and energies have been obtained at the B3LYP/6–
311+G(d,p) level. The normal modes of the imaginary frequencies
in the substituted transition structures were inspected and it was
made sure that they all correspond to the same modes as in the
corresponding unsubstituted transition structures. All geometry
optimizations were performed without any symmetry constraint
and using the default convergence criterions of displacements and
forces on the nuclei. Electronic energies for the compounds on
the C7H8


•+ PES were calculated at the B3LYP/6–311+G(d,p)
geometries using coupled-cluster CCSD(T)/6–311+G(d,p). The
convergence criterion on the root mean square of the SCF–
density matrix in the CCSD(T) calculations was set to 10−10.
Finally, Gibbs energy profiles were constructed by adding the
CCSD(T)/6–311+G(d,p) electronic energy with the B3LYP/6–
311+G(d,p) thermal correction to Gibbs free energy at 1.0 atm
and 100 K (using unscaled vibrational frequencies).


As has been noted before for radical cation systems (see, e.g., ref.
16), the SCF reference wavefunctions for most of the stationary
points optimized with MP2/6–311+G(d,p) are found to be heavily
spin-contaminated: 0.763 (N•+) ≤ 〈S2〉 ≤ 1.023 (CHT•+) for the
minima and 0.905 (TS2) ≤ 〈S2〉 ≤ 1.147 (TS1) for the transition


structures. In contrast, for B3LYP the 〈S2〉 values are 0.753–
0.765 for the minima and 0.754–0.773 for the transition structures.
SCF spin-contamination is a less severe problem in the CCSD(T)
calculations since the major spin-contaminant is annihilated from
the CCSD wavefunction.26


For ease of notation, the abbreviations B3LYP, MP2 and
CCSD(T) stand for B3LYP/6–311+G(d,p), MP2/6–311+G(d,p)
and CCSD(T)/6–311+G(d,p), respectively. However, when the
reaction paths are discussed in terms of IRC and steepest descent
calculations, we always refer to the results obtained using the 6–
31G(d,p) basis set.


Results and discussion


Three rearrangement channels from N•+ to CHT•+ are investigated
in the present study. All three pathways are initialized by opening
of a bridgehead-methylene bond in N•+. The first pathway: N•+ –
TS1 – NCD•+ – TS2 – CHT•+, proceeds in a single step to NCD•+


followed by ring opening to CHT•+, whereas the second pathway:
N•+ – TS3 – I1 – TS4 – NCD•+ – TS2 – CHT•+, involves a stable
intermediate, I1 (see below). The third reaction path proceeds from
N•+ through I1 and then directly to CHT•+: N•+ – TS3 – I1 – TS5
– CHT•+.


The B3LYP optimized structures of the local minima N•+,
NCD•+, CHT•+ and I1 are displayed in Fig. 1 with selected
geometrical parameters. The atoms have been labelled in such
a way that one can follow the skeletal rearrangement of the lowest
energy path from N•+ to CHT•+ (i.e., N•+ – NCD•+ – CHT•+) in
a consistent manner. Table 1 displays the 1H hyperfine coupling
constants (hfcc) calculated for these ions at the B3LYP and MP2
levels. As can be seen in the Table, for both N•+ and CHT•+, the hfcc
values computed with B3LYP are in very good agreement with the
experimental ones. MP2, on the contrary, fails to predict correctly
the hfcc values of CHT•+, both qualitatively and quantitatively. We
attribute this failure to the very large spin-contamination of the


Table 1 1H hfcc values (in Gauss) for N•+, NCD•+, CHT•+ and I1, as computed with B3LYP and MP2. See Fig. 1 for the atom labels


Computation method 1H hfcc values


N•+


aH(1a,1b) aH(2,5) aH(3,4,6,7)
B3LYP 4.2 −0.5 −7.2
MP2 3.0 −0.7 −8.5
Expa 3.28 0.58 7.98


NCD•+


aH(1a) aH(1b) aH(2,7) aH(3,6) aH(4,5)
B3LYP −5.7 −6.2 14.9 −7.5 −2.7
MP2 −6.0 −9.0 11.6 −4.7 −7.4


CHT•+


aH(1a) aH(1b) aH(2,7) aH(3,6) aH(4,5)
B3LYP 51.2 51.2 −6.9 −0.7 −4.7
MP2 56.9 21.4 2.8 −12.3 −4.3
Expb 51.5 51.5 5.7 — 5.7


I1
aH(1a) aH(1b) aH(2) aH(3) aH(4) aH(5) aH(6) aH(7)


B3LYP 15.2 21.7 −14.9 44.8 6.7 −7.0 0.7 −4.5
MP2 5.4 15.9 −16.7 40.5 3.1 0.2 −8.2 −6.5


a 1H hfcc values assigned to an ESR spectrum of N•+ in a zeolite matrix at 175 K.7 b 1H hfcc values assigned to an ESR spectrum of CHT•+ in a CF2ClCFCl2


matrix at 77 K.29
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MP2 reference wave-function for this species (〈S2〉 = 1.023). The
fact that MP2 calculates markedly different hfcc values for the
two methylene hydrogen atoms in CHT•+, aH(1a) = 56.9 G and
aH(1b) = 21.4 G (see Fig. 1 for the atom labels), is attributed to
the non-planar structure predicted for this ion by MP2, a feature
which is discussed below. Hence, the excellent B3LYP hfcc values
for N•+ and CHT•+ give further support for the suggestion27 that
this functional is a good computational choice for calculating hfcc
values for organic radicals. While MP2, on the other hand, often
predicts highly spin-contaminated structures and therefore much
care must be taken when using its results.28


Comparing the local minima optimized with B3LYP/6–
311+G(d,p) and B3LYP/6–31G(d,p), the largest geometrical
deviations are 0.003 Å, 1.3◦ and 1.0◦ for bond distances, bond
angles and dihedral angles, respectively. B3LYP and MP2 are
found to be in quite good agreement for the geometry optimization
of N•+, NCD•+ and I1, the maximum absolute deviations between
the two methods being of 0.014 Å (C2–C7 in NCD•+) for distances,
5.6◦ (C2–C3–C7 in I1) for bond angles and 5.0◦ (C1–C2–C3–C4 in
NCD•+) for dihedral angles. Both the B3LYP and MP2 optimized
structures of NCD•+ are found to be essentially in agreement with
previous computational predictions of its geometry.30


The B3LYP optimized transition structures TS1, TS2, TS3,
TS4 and TS5 are displayed in Fig. 2 with selected geometrical
parameters. The largest geometrical deviations between the
geometry optimized with B3LYP/6–311+G(d,p) and those
optimized with B3LYP/6–31G(d,p) are 0.005 Å, 0.7◦ and 1.1◦ for
bond distances, bond angles and dihedral angles, respectively. The
HF optimized structures of TS1 and TS3 are in good agreement
with the B3LYP ones, whereas for TS2, TS4 and TS5 the MP2
geometries show larger deviations from the corresponding B3LYP
structures. In general, the geometrical parameters involved in the
reaction coordinate have the largest differences. For example, for


TS3 the largest deviations between B3LYP and HF are found
in the parameters related to the opening of one bridgehead-
methylene bond (C1–C5), D(C1–C5) = 0.060 Å, and the formation
of the C1–C4 bond, D(C1–C4) = 0.064 Å, where D = B3LYP − [HF
or MP2]. For TS2, D(C2–C7) = − 0.137 Å, D(C2–C1–C7) = − 7.5◦


and D(C1–C2–C3–C4) = − 9.9◦ and, compared to MP2, B3LYP
predicts an earlier transition structure for the ring opening of
NCD•+ to CHT•+. On the contrary, for the formation of NCD•+


from I1, TS4 is predicted to be a later transition structure with
B3LYP compared to MP2. The largest deviations between the two
methods for TS4 are found to be D(C3–C4) = 0.120 Å, D(C2–C3–
C7) = 8.2◦ and D(C4–C1–C2–C3) = − 8.3◦. Finally, with regards to
TS5, the two methods are in good agreement, showing only small
differences for the coordinates involved in the isomerization from
I1 to CHT•+ (e.g., D(C3–C4) = −0.030 Å and D(C2–C7) = 0.033 Å).


CHT•+


Previous theoretical predictions16,31 and most of the experimental
observations5,29,32 support a planar C2v structure for CHT•+. To
our knowledge, only one experimental ESR investigation33 of
this ion, which was performed in a CCl3CF3 matrix at 70 K,
indicates that the equilibrium geometry might be slightly bent,
but much less pronounced than in the neutral compound (see,
e.g., ref. 31 and references therein). However, the authors of this
experimental work concluded33 that the observed non-planarity
of CHT•+ probably reflects matrix effects. In the present study,
B3LYP predicts a planar structure for CHT•+ with geometrical
parameters in good agreement with those reported in the earlier
quantum chemical studies.16,31 However, as mentioned above, a
non-planar conformation is found in the MP2/6–311+G(d,p)
geometry optimization calculations for CHT•+, similar to the
bent structure computed31 for neutral CHT. Nevertheless, the


Fig. 2 B3LYP/6–311+G(d,p) optimized geometries of the transition structures. Bond lengths are given in Ångström.
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degree of bending in CHT•+ is less pronounced than in its neutral
counterpart.31 This is best illustrated by the values of the angles
a and b displayed in Fig. 1 which are, respectively, 15.3◦ and
8.1◦ in CHT•+ compared to 57.2◦ and 27.7◦ in neutral31 CHT,
as optimized at the MP2/6–31G(d) level. The planar CHT•+


conformation obtained with MP2 is found to be a transition
structure for inversion between two bent conformations of CHT•+.
However, both a PMP2 barrier of 0.2 kcal mol−1 and an imaginary
frequency of 54i cm−1 indicate that the PES is very flat in this
region. The fact that, for both the geometry and the hyperfine
structure of CHT•+, MP2 gives results which are in contradiction
with those of most theoretical and experimental investigations
strongly suggests that the bent geometry found by MP2 for this
cation is only an artefact of this computational method. However,
the low energy required for inverting the MP2 structure may


indicate that the measured 1H hfcc values may be average values
over the reaction path between two bent structures, which proceeds
through a planar transition structure. It should be noted that, very
recently, similar unexpected results have been found for benzene
and some other planar arenes, at MP2, MP3, CISD and CCSD
levels in combination with a number of popular basis sets.34


Isomerization pathways from N•+ to CHT•+


Gibbs energy profiles for the three isomerization mechanisms from
N•+ to CHT•+ investigated in the present study, are displayed in
Fig. 3. For all stationary points, the relative electronic energies are
reported in Table 2 together with Gibbs energies.


An investigation of the vibrational normal modes of N•+ shows
that it has four low frequencies (377, 385, 395 and 460 cm−1). The


Fig. 3 Gibbs energy profiles (in kcal mol−1) computed from CCSD(T)/6–311+G(d,p) electronic energies and B3LYP/6–311+G(d,p) thermal corrections
to Gibbs free energy at 100.0 K and 1.0 atm for the three isomerization reactions from N•+ to CHT•+ investigated in the present study.


Table 2 Relative electronic energies and Gibbs energies (in kcal mol−1) for all stationary points involved in the three isomerization pathways from N•+


to CHT•+


B3LYPa MP2a PMP2a CCSD(T)//B3LYPa Gibbs energyb


N•+ 0.0 0.0 0.0 0.0 0.0
NCD•+ −21.9 −9.6 −12.5 −14.2 −14.7
CHT•+ −28.9 −0.8 −8.4 −14.2 −14.7
I1 7.7 17.7 13.8 12.6 11.0
TS1 26.8 49.8c 38.2c 31.4 28.9
TS2 −12.8 4.9 −0.2 −4.7 −6.1
TS3 31.9 44.8c 37.7c 33.5 31.2
TS4 25.0 43.3 35.9 29.3 26.5
TS5 34.5 49.1 43.4 39.7 37.1


a The electronic energies are computed with B3LYP/6–311+G(d,p), MP2/6–311+G(d,p), PMP2/6–311+G(d,p) and CCSD(T)/6–
311+G(d,p)//B3LYP/6–311+G(d,p). b The Gibbs energy includes the electronic CCSD(T)/6–311+G(d,p) energy as well as the zero-point vibrational
energy and the thermal correction to Gibbs free energy computed with B3LYP/6–311+G(d,p) using the unscaled vibrational frequencies at 1.0 atm and
100 K. c Single point MP2/6–311+G(d,p) calculation on the HF/6–311+G(d,p) geometry.
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normal mode of 385 cm−1, for example, deforms the structure
towards the pseudo-Jahn–Teller distorted transition structure
between N•+ and Q•+ described previously9,16; and the 395 cm−1


mode describes the C2v symmetric motion towards the conical
intersection.9 The normal modes responsible for cleavage of the
bridgehead-methylene bonds, i.e. the motions toward TS1 and
TS3, are found to lie much higher in the vibrational frequency
spectrum (803, 904, 955 and 1008 cm−1). This is entirely consistent
with the relatively high activation energies of TS1 and TS3, 28.9
and 31.2 kcal mol−1, respectively, compared to the activation
energy of 17.9 kcal mol−1 found16 for the formation of Q•+.


Concerted rearrangement to NCD•+: N•+ – TS1 – NCD•+


The first step of the lowest energy path to CHT•+ (solid line in
Fig. 3) is a concerted transformation to NCD•+ via TS1 with an
activation energy of 28.9 kcal mol−1. This reaction is exothermic
(−14.7 kcal mol−1) and proceeds by asynchronous opening of the
C1–C5 bond, rotation of the methylene group and formation of the
C1–C7 bond. The major geometrical changes in the Cs symmetric
transformation of N•+ to TS1 are the elongation of C1–C5 (from
1.552 to 2.366 Å) combined with a flattening of the cyclohexane
ring and a shortening of the C4–C5 and C5–C6 bonds (from 1.525 to
1.453 Å). The imaginary vibrational frequency of TS1, 263i cm−1,
corresponds to the expected Cs symmetric opening and closure of
the C1–C5 bond. The smallest of the four lowest real frequencies
of TS1 (271, 413, 424 and 450 cm−1) corresponds to CH2 motion
towards either C4 or C6, i.e., towards a structure similar to TS3.


The formation of NCD•+, directly from TS1, was unexpected. In
an experimental investigation22 of the thermal rearrangement of N
to CHT it was suggested that N most likely rearranges by opening
of one of the bridgehead-methylene bonds to a diradical iso-
toluene intermediate (D), with one of the methyl hydrogens located
at the ipso-position on the ring, before ring-closure to NCD. On the


radical cation PES, D would correspond to a distonic species, D•+,
which has been found to be a stable intermediate on the C7H8


•+


PES at a variety of computational levels.35–37 Also, a distonic meta-
stable intermediate has been postulated for a fragmentation route
of ionized 1-amino-7,7-dimethylnorbornan-2-ols which proceeds
with initial cleavage of the bridgehead-methylene bond.23 The IRC
calculation starting from TS1 clearly shows that the opening of the
bridgehead-methylene bond breaks symmetry before the distonic
structure is formed. That is, at C1–C5 = ∼3.8 Å, TS1 is twisted out
of symmetry by a rotational motion of the CH2 group, together
with a shortening of the C1–C7 distance, until the lateral bond C1–
C7 in the cyclopropane moiety is formed (see Fig. 1 for the atom
labels).


In a constrained steepest descent optimization from TS1, where
an approximate Cs symmetry is enforced for the bond opening
by describing C5–H1a and C5–H1b by the same parameter, the
formation of the distonic radical cation is found to be barrierless.
In Fig. 4, the energies of the converged IRC (solid line) and
constrained optimization (dashed line), relative to NCD•+, are
plotted against the C1–C5 distance. This result suggests the
existence of a branching point on the IRC, which separates the
continued formation of the distonic ion from the formation of
NCD•+. It can also be seen from inspection of Fig. 4 that even
though the Cs symmetric formation of the distonic ion has no
barrier beyond the branching region, it involves only a minor
lowering of the energy, while the corresponding formation of
NCD•+ is highly exothermic. It should also be noted that the
rotation of the CH2 group and the closure of the C1–C7 bond
are the major reaction coordinates in the last part of the IRC-
calculation.


We have also investigated the neutral transformation of N to
NCD which was suggested to proceed via the diradical D in an
experimental study.22 Also in this case, we only locate a concerted
pathway between N and NCD on the neutral singlet PES, at


Fig. 4 The IRC calculation from TS1 to NCD•+ (solid line) and the constrained optimization scan from TS1 where approximate Cs symmetry is enforced
for the C1–C5 bond opening (dashed line), as a function of the C1–C5 distance. Both calculations are performed at the B3LYP/6–31G(d,p) level of theory.
The energy of NCD•+ is taken as zero.
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the B3LYP/6–311+G(d,p) level. This path is therefore similar to
the concerted N•+ – TS1 – NCD•+ rearrangement of the radical
cation PES and the suggested22 rearrangement via diradical D
is probably not the minimum reaction path for transformation
of neutral N to NCD. The geometry of the neutral concerted
transition structure is found to be twisted out of symmetry. This
can clearly be noticed by unequal C1–C4 and C1–C6 distances
(2.676 and 2.883 Å, respectively) and H1a–C5 and H1b–C5 distances
(2.609 and 3.579 Å, respectively). Since the corresponding C–C
and H–C distances in radical cation TS1 are essentially equal
(see Fig. 2), the neutral TS is in this respect an earlier transition
structure for the concerted isomerization. Also note that the
B3LYP/6–311+G(d,p) activation energy of the neutral concerted
rearrangement to NCD is 52.6 kcal mol−1, which is almost twice
the barrier of the radical cation conversion (see Table 2). This
result is entirely consistent with the fact that ionization of neutral
compounds often results in substantial lowering of the energy
barriers for isomerization reactions.


Stepwise rearrangement to NCD•+: N•+ – TS3 – I1 – TS4 – NCD•+


The second lowest energy path for isomerization of N•+ to CHT•+


located in the present work involves a stepwise conversion to
NCD•+ (dashed line in Fig. 3). The first step is an endothermic
(11.0 kcal mol−1) transformation of N•+ to I1 via the rate-
determining TS3, the activation energy of which is 31.2 kcal
mol−1. This is only 2.3 kcal mol−1 above TS1, which indicates
that the stepwise channel is competitive with the concerted
path.


The N•+ to I1 conversion involves breaking two bonds (C1–C5


and C2–C7) and forming two new bonds (C1–C4 and C3–C7). In
the progression from N•+ to TS3, the major geometrical changes
are opening of C1–C5 (from 1.553 to 2.163 Å) and a symmetry
breaking motion of the CH2 group towards C4. This is reflected
by the fact that, in TS3, the CH2 group is closer to C4 than to C5,
that is, C1–C4 = 2.024 and C1–C5 = 2.163 Å. The imaginary mode
of TS3 (410i cm−1) further reflects these asymmetric changes in
the C1–C5 and C1–C4 bonds. In the reaction path from TS3 to I1,
the formation of the C3–C7 bond (from 2.469 Å in TS3 to 1.564 Å
in I1) and of the weak C1–C4 bond (from 2.024 to 1.613 Å) takes
place before C2–C7 is broken (from 1.525 to 2.222 Å). Hence,
the rearrangement of N•+ to I1 takes place through a complex
reaction coordinate, first dominated by the cleavage of the C1–C5


bond before TS3 is formed, followed by the formation of the C3–
C7 and C1–C4 bonds which takes place after TS3 is formed and,
finally, the C2–C7 bond breaks.


The intermediate radical cation I1, which is displayed in Fig. 1,
has structural similarities15,16 with BHD•+. Both I1 and BHD•+


can be characterized as being composed of merged four-membered
and five-membered ring moieties but the major difference between
them is the position of the methylene carbon which is C1 in I1
and C7 in BHD•+. Also, the C1–C4 distance is 1.613 Å in I1,
which corresponds to a very weak bond, compared15,16 to 1.45 Å
in BHD•+. On the other hand, the two double bonds of BHD•+


are located on separate ring fragments, prohibiting conjugation,
whereas the fact that I1 is found to be 1.8 kcal mol−1 more stable
than BHD•+ is most likely due to the effect of conjugation over
C5, C6 and C7 in I1, which is reflected by the lengths of C5–C6


(1.383 Å) and C6–C7 (1.397 Å) bonds of I1 in Fig. 1.


The highly exothermic (−25.6 kcal mol−1) second step in the
stepwise path to NCD•+ is the isomerization of I1 to NCD•+


via TS4 with an activation energy of 15.5 kcal mol−1, as can be
seen in Fig. 3. This rearrangement involves breaking the C3–C4


bond and forming a bond between C2 and C4 in I1. The reaction
path from I1 to TS4 consists mainly in the elongation of C3–C4


from 1.564 to 1.764 Å, while on the path from TS4 to NCD•+


the reaction becomes a combination of continued elongation
of this bond from 1.764 to 2.530 Å and the formation of the
C2–C4 bond (from 2.033 Å in TS4 to 1.524 Å in NCD•+). It
is found, by inspection of the vibrational frequencies of TS4,
that the imaginary normal mode (583i cm−1) corresponds to the
combined asymmetric opening and closure of C3–C4 and C2–C4


which describes the major reaction coordinate between I1 and
NCD•+.


Ring opening of NCD•+ to CHT•+: NCD•+ – TS2 – CHT•+


The opening of the cyclopropane ring of NCD•+, leading to
CHT•+, proceeds via TS2 with an activation energy of 8.6 kcal
mol−1 (see Fig. 3). This energy is slightly higher than the earlier
theoretical estimates of 5–8 kcal mol−1.35–37 Moreover, in contrast
to the previous computational studies35–37 where CHT•+ was
predicted to be 6–17 kcal mol−1 more stable than NCD•+, it is
here found that both species have the same energy. Comparing
the relative electronic energies of these species, the MP2 method
predicts NCD•+ to be 8.8 kcal mol−1 more stable than CHT•+


(Table 2). This difference becomes lower with the spin-projected
MP2, but NCD•+ is still 4.2 kcal mol−1 more stable than CHT•+ at
this level. Again, this is probably a consequence of the severe spin-
contamination of the MP2 wave-function for CHT•+. However,
the situation is reversed at the B3LYP level, where CHT•+ is the
most stable species by 7.0 kcal mol−1, while CCSD(T) yields the
same electronic energy for the two compounds. Thus the fact
that our best computational estimate gives that NCD•+ has the
same energy as CHT•+, and recalling that the activation energy
for their inter-conversion is lower than the readily observable5,7,12


isomerization of Q•+ to N•+ at the same level of theory (10.1
kcal mol−116), indicates that NCD•+ (Table 1) might be observable
in ESR or ENDOR investigations of CHT•+. The geometrical
changes between NCD•+ and CHT•+ found in the present study
are consistent with those reported in the MINDO/3 study.35 That
is, the ring opening passes through an unsymmetric transition
structure, and the imaginary normal mode (335i cm−1) describes
the opening and closing of C2–C7.


Rearrangement of I1 to CHT•+: I1 – TS5 – CHT•+


In addition to the two N•+ to CHT•+ reaction paths described
above, which both proceed via NCD•+, we have also located a
path which proceeds from I1 and directly to CHT•+. This third
isomerization pathway is illustrated in Fig. 3 (see also Table 2).
This rearrangement involves an exothermic (−25.6 kcal mol−1)
conversion via TS5 (Fig. 2) with an energy barrier of 26.2 kcal
mol−1. A major reaction coordinate is the elongation of the C3–
C4 distance, from 1.564 Å in I1 to 2.205 Å in TS5 and further
to 3.192 Å in CHT•+, together with a flattening of the carbon
skeleton in CHT•+. Another important reaction coordinate is
the shortening/elongation of the C2–C7 distance, which decreases


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 4241–4250 | 4247







from 2.222 Å in I1 to 1.614 Å in TS5 and it thereafter increases
to 2.209 Å in CHT•+. From a detailed analysis of the I1 to TS5
conversion it can be noted that the formation of the C2–C7 bond
takes place prior to the C3–C4 elongation. Thus, the elongation
of C3–C4 is the dominating reaction coordinate, but the successive
shortening and elongation of C2–C7 present also critical aspects
of this reaction path.


Comparison of paths converting N•+ to CHT•+


A total of nine different channels for N•+ to CHT•+ conversion have
been found and characterized with Gibbs energies at 100 K. In
the present work three isomerizations, all initialized by opening of
one bridgehead-methylene bond in N•+, have been reported. These
are, a path involving a concerted rearrangement to NCD•+ (N•+


– NCD•+ – CHT•+) which is found to have the lowest activation
energy, 28.9 kcal mol−1; a mechanism with a stepwise isomerization
to NCD•+ (N•+ – I1 – NCD•+ – CHT•+) which is 2.3 kcal mol−1


higher; and via a rearrangement of I1 directly to CHT•+ (N•+ – I1
– CHT•+) with the highest activation energy 8.2 kcal mol−1 above
that of the lowest energy path. In an earlier publication, six multi-
step paths were presented,16 of which the most advantageous15,16


involves an initial isomerization to BHE•+ via Q•+ thereafter
followed by a multi-step rearrangement to CHT•+. An activation
energy of 24.3 kcal mol−1 was found for this path, which is 4.6 kcal
mol−1 lower than the path via a concerted isomerization to NCD•+


of the present study. Thus, the multi-step rearrangement channel
found previously16 is the lowest energy path characterized for the
N•+ to CHT•+ isomerization.


Comparison of the electronic energies relative to N•+


As seen in Table 2, the stability of the stationary points very much
depends on the theoretical method used in the computation. Using
our best computational method, CCSD(T), as a benchmark, clear
trends can be noted in the B3LYP, MP2 and PMP2 electronic
energies. First, it is found that B3LYP underestimates the energy
of all structures relative to N•+. Compared to the CCSD(T)
calculations, this over-stabilization ranges from −1.6 kcal mol−1


for TS3 to −14.7 kcal mol−1 for CHT•+ (see Table 2), hence
reproducing the result16 reported earlier for CHT•+. For MP2
the opposite is found. Hence, the unprojected MP2 method
overestimates the energies relative to N•+ from 4.6 kcal mol−1 for
NCD•+ to 18.4 kcal mol−1 for TS1. An improvement is noted when
using projected MP2, as can be seen in Table 2, but the PMP2
energies are still too large, ranging from 1.7 kcal mol−1 for NCD•+


to 6.8 kcal mol−1 for TS1, compared with the relative energies
predicted by CCSD(T).


Substitution effects on the concerted pathway


In recent experiments it was observed23 that cleavage of the
bridgehead-methylene bond becomes favoured over other paths
for ionized 1-amino-7,7-dimethylnorbornan-2-ols while for the
isomeric 1-amino-3,3-dimethylnorbornan-2-ols it is not observed.
This result led us to investigate the effects of substitution on the
concerted isomerization channel to NCD•+. Of particular interest
is to investigate whether the concerted channel leading to CHT•+


can become competitive with the multi-step minimum energy path
presented previously16 after such substitutions.


We have therefore performed a study of the concerted and
multi-step paths where H1a and H1b (see Fig. 1) are substituted
with two methyl groups. The names of the stationary structures
which are involved in the multi-step path have been taken from the
previous article16 but are (except for Q•+ and BHE•+) augmented
with the prefix “MS-“. All substituted species are given the suffix
“-2CH3”. Thus, the substituted reaction sequence of the multi-
step path16 becomes N-2CH3


•+ – MS-TS1-2CH3 – Q-2CH3
•+ –


MS-TS2-2CH3 – BHE-2CH3
•+ – MS-TS6-2CH3 – MS-I1-2CH3 –


MS-TS7-2CH3 – MS-I2-2CH3 – MS-TS9-2CH3 – CHT-2CH3
•+,


while the substituted reaction sequence of the concerted channel
is N-2CH3


•+ – TS1-2CH3 – NCD-2CH3
•+ – TS2-2CH3 – CHT-


2CH3
•+.


A comparison of the geometries for the substituted and unsub-
stituted minima shows that the bonds connected to the substituted
methylene carbon are involved in the largest changes. Typically
these bonds are enlarged by 0.01–0.02 Å upon substitution while
the other C–C bonds deviate by less than 0.01 Å. However,
larger deviations are found in N-2CH3


•+ and NCD-2CH3
•+. In


N-2CH3
•+, the C1–C2 and C1–C5 bonds (see Fig. 1 for the labels)


are found to be 0.030 Å longer than in N•+, indicating a substantial
weakening of the bridgehead-methylene bonds in the substituted
norbornadiene radical cation. It is also interesting to note that,
upon substitution, the lateral C1–C2 and C1–C7 bonds in the
cyclopropane moiety of NCD•+ increase from 1.543 to 1.602 and
1.593 Å, respectively, while the internal C2–C7 bond decreases
from 1.524 to 1.502 Å. This has two consequences; first, the
CS symmetry is broken in the substituted norcaradiene radical
cation and, second, the cyclopropane moiety in NCD-2CH3


•+ has
a structure corresponding to the 2B2 electronic state (one short and
two long bonds) of the cyclopropane radical cation, which is the
higher energy product when cyclopropane undergoes Jahn–Teller
distortion upon ionization.30


The structural changes induced by the substitution on the
transition structures involved in the multi-step path follow the
same trend as the minima. That is, the C–C bonds connected with
the substituted methylene carbon atom generally account for the
largest differences, increasing by 0.01–0.02 Å. A larger difference
is, however, found in the breaking C–C bond in MS-TS9-2CH3


which is enlongated by 0.067 Å, compared to MS-TS9, which
hence yields a later transition structure for the final step in the
multi-step path compared with the unsubstituted case.


The geometry of the transition structure for cleavage of the
bridgehead-methylene bond in the concerted path is substantially
affected by the added methyl groups. The structure of TS1-2CH3 is
displayed in Fig. 5 together with selected geometrical parameters.
An inspection of the figure reveals that the breaking C1–C5 bond
distance decreases by 0.357 Å compared to TS1 (see Fig. 1 and 5).
Moreover, while TS1 is a CS symmetric transition structure for the
unsubstituted reaction, the bond distances in TS1-2CH3 (Fig. 5)
clearly show that the symmetry is broken in the substituted case.
This symmetry breaking can be further confirmed by the unequal
C5–C8 and C5–C9 distances of 2.983 and 2.817 Å, respectively,
in TS1-2CH3 (Fig. 5). This shows that the methylene group is
twisted out of symmetry, similar to the neutral transition structure
between N and NCD. Thus, the transition structure between
the substituted norbornadiene and norcaradiene radical cations
is much earlier than the corresponding unsubstituted transition
structure.


4248 | Org. Biomol. Chem., 2006, 4, 4241–4250 This journal is © The Royal Society of Chemistry 2006







Fig. 5 B3LYP/6–311+G(d,p) optimized geometry of the transition
structure between the substituted norbornadiene and norcaradiene radical
cations. Bond lengths are given in Ångström.


Fig. 6 (Fig. 7) displays energy profiles for both the concerted and
multi-step unsubstituted (substituted) pathways. An inspection of
these figures shows that the multi-step isomerization is hardly
affected at all energetically by the substitution. The largest impact
is found for MS-TS1, which is lowered by 1.4 kcal mol−1 by the
addition of the methyl groups. The rate-determining transition
structure of the multi-step path (MS-TS2, 24.2 kcal mol−1,
see Fig. 6) does still remain the point of highest energy after
substitution (MS-TS2-2CH3, 23.8 kcal mol−1, see Fig. 7). For
the concerted path on the contrary, the energy profiles (Fig. 6
and 7) reveal that the substitution has a large stabilizing effect
on TS1. That is, the transition structure for cleavage of the
bridgehead-methylene bond is lowered from 26.7 kcal mol−1 in
TS1 to 18.2 kcal mol−1 in TS1-2CH3. As a consequence, while
the rate-determining TS1 is 2.5 kcal mol−1 higher than MS-TS2
(see Fig. 6), the substitution makes this order reversed as the
corresponding TS1-2CH3 is 5.6 kcal mol−1 lower than MS-TS2-
2CH3 which becomes then the point of highest energy on the
substituted profiles (see Fig. 7). Indeed, this result is in accordance
with the experimental observation23 that a substitution of this
type favours bridgehead-methylene bond breaking in ionized 1-


Fig. 6 B3LYP/6–311+G(d,p) energy profiles (in kcal mol−1) for the
concerted (solid line) and the multi-step16 (dashed line) pathways from
N•+ to CHT•+.


Fig. 7 B3LYP/6–311+G(d,p) energy profiles (in kcal mol−1) for the
concerted (solid line) and the multi-step16 (dashed line) pathways from
substituted N•+ to CHT•+.


amino-7,7-dimethylnorbornan-2-ols. Yet, the stabilization of the
concerted path is dramatic (8.5 kcal mol−1), and this channel thus
becomes the dominating pathway for the transformation of the
substituted norbornadiene radical cation to cycloheptatriene.


Conclusions


Three skeletal rearrangement pathways from N•+ to CHT•+, by
opening of one bridgehead-methylene bond in N•+, have been
located in the present work. The most favorable path is described
by a concerted formation of NCD•+ followed by ring opening to
CHT•+. This low-energy path proceeds with an activation energy
of 28.9 kcal mol−1, which is 4.6 kcal mol−1 higher than the barrier
for the multi-step path from N•+ to CHT•+ via BHE•+ reported
previously.16 Interestingly, when the two hydrogen atoms in the
methylene group are substituted against methyl groups the barrier
for the concerted channel is lowered by 8.5 kcal mol−1 at the
B3LYP/6–311+G(d,p) level of theory. This large stabilization is
accompanied by a substantial change in the geometry of the rate-
determining transition structure. The same substitution has only
a modest impact on the energetics of the multi-step path and
the overall barrier for this channel is found to be 5.6 kcal mol−1


higher than for the concerted pathway. Hence, in the substituted
system, the concerted channel is the most favourable pathway
for the isomerization of the norbornadiene radical cation to
cycloheptatriene.


No distonic iso-toluene radical cation intermediate is found
along the path between N•+ and NCD•+. Instead it is found
that after the formation of TS1, a branching point is distorting
the IRC away from Cs symmetry, which would otherwise lead
to the formation of iso-toluene. For the corresponding neutral
rearrangement of N to CHT, a concerted rearrangement to
NCD is located with an activation energy of 52.6 kcal mol−1


at the B3LYP/6–311+G(d,p) level. Thus, no transition structure
connecting to the suggested22 diradical intermediate is found in
the present study, and as a result neither the radical cation nor the
neutral conversion proceeds via the iso-toluene intermediate.


Besides the characterization of different reaction pathways,
there are also in the present study three results concerning NCD•+


and CHT•+ which are worth emphasizing. First, NCD•+ and
CHT•+ are predicted to have identical energies, in contradiction
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with the computations of earlier theoretical investigations35–37


where CHT•+ was found to be 6–17 kcal mol−1 more stable
than NCD•+. Second, the activation energy for their inter-
conversion (8.6 kcal mol−1) is computed to be 1.5 kcal mol−1


lower16 than that of the facile isomerization5,7,12 of Q•+ to N•+.
These two results indicate that NCD•+ might be detected in
ESR measurements of CHT•+. Third, in contradiction to earlier
theoretical,16,31 and most experimental,5,29,32 results as well as
with the present B3LYP/6–311+G(d,p) calculation, CHT•+ is
optimized with MP2/6–311+G(d,p) to a bent structure. This is a
structure that is similar to neutral31 CHT, but with a more planar
geometry. Moreover, the barrier for inversion through the planar
conformation is only 0.2 kcal mol−1.
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The synthesis and photophysical properties of a new terpyridine-based europium(III) chelate (Eu
(TMT)-AP3) designed for peptide and protein labelling in aqueous solution phase is described. In order
to obtain a stable, easy to handle, versatile and efficient labelling agent, a reactive aminopropargyl arm
has been introduced onto the terpyridine moiety. As preliminary biochemical applications the chelate
has been 1) efficiently covalently attached onto a representative biomolecule—monoclonal
antibody—and 2) converted into iodoacetamido and aldehyde derivatives, and the photoluminescent
Eu (TMT)-AP3 was grafted onto cysteine and lysine amino acid residues respectively. These two
different solution phase labelling methods yielded original fluorogenic FRET based probes suitable for
“in vitro” detection of caspase-3 protease, a key mediator of apoptosis of mammalian cells.


Introduction


Lanthanide chelates, due to their unique luminescence properties
(long decay-time, large Stokes’ shift, narrow emission band
and negligible concentration quenching), are gaining expand-
ing applications in a wide variety of bioanalytical assays, in
diagnostics, research, drug discovery, as sensing tools and in
imaging.1 These chelates contain an organic ligand that absorbs
light (the “antenna”), a lanthanide ion that emits the light after
energy transfer from the ligand to the metal ion and a reactive
group for conjugation to target bioactive molecules (such as
proteins, peptides, oligonucleotides,· · ·) through selective reaction
with their amino or mercapto groups. In addition to these
features and with respect to energy-transfer processes and min-
imisation of non-radiative deactivation, the Ln(III) environment
in a lanthanide-containing luminescent probe must also fulfil
several other requirements: high thermodynamic stability, kinetic
inertness, and a saturated coordination sphere.2 Therefore, it is
advantageous to resort to polydentate ligands for building a
fitted coordination environment around Ln(III) ions. Among the
numerous imaginative strategies developed to insert Ln(III) ions
into functional edifices, those using functionalised terpyridine
derivatives as polydentate ligands have received considerable
attention3 especially from the research groups of GE Healthcare
(formerly Amersham-Biosciences) and Perkin Elmer Life and
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Analytical Sciences. Therefore, some chelates composed of a 4′-
aryl-substituted 2,2′:6′,2′′-terpyridine unit as the energy-absorbing
and donating group, Eu(III), Sm(III) or Tb(III) as the emitting ions,
methylenenitrilo (acetic acids) as the stable chelate-forming moi-
eties, and iodoacetamido or isothiocyanato groups as the activated
moieties for coupling to biomolecules are commercially available
and routinely used in various types of time-resolved fluorometry
(or quenching)-based assays (examples 1 and 2 in Scheme 1).4–7


The synthetic strategies for the preparation of 2,2′:6′,2′′-terpyridine
ligands possessing functional groups directly attached to C-4′ are
versatile and well established.8 However, it is amazing to note that
no general and efficient method for introducing an alkylamino
group onto these functionalised terpyridine architectures has been
reported to date. As the amino group is essential for activation
and subsequent coupling of the Ln(III) chelate to biomolecules,
several methods leading to the incorporation of a less reactive
aminophenyl moiety have been developed.6,9 They involve either
the reduction of the aromatic nitro group of the corresponding
4′-aryl-substituted 2,2′:6′,2′′-terpyridine or the cross-coupling of
an (aminophenyl)acetylene derivative to the 4′-(4-bromophenyl)-
2,2′:6′,2′′-terpyridine ligand. As the aniline derivatives are often
too unstable to be easily isolated in a pure form in good yields,
these latter methods are not suitable for routine preparation of
amino-terpyridines at a small scale (∼1 mmol). Furthermore, the
luminescence of the corresponding Eu(III) chelates is quite low
because aromatic amines quench the excited state of the lanthanide
ion by an electron transfer mechanism.10 Their activation by
acylation with a bifunctionnal reagent (iodoacetic anhydride
or thiophosgene) leading to the thiol-specific iodoacetamido or
amine-reactive isothiocyanato derivative, is essential to partially
recover the luminescence.6 Thus, especially, these chelates are not
proper reagents for the labelling of proteins through traditional
techniques involving the use of non-acylating bifunctionnal cross-
linking reagents such as glutaraldehyde.11
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Scheme 1 Examples of commercially available Ln(III) chelates composed of a 4′-aryl-substituted 2,2′:6′,2′′-terpyridine unit as the energy-absorbing and
donating group.


With the goal in mind to develop a new label for biochemical
applications, that displays good luminescence properties, is easy to
prepare and to handle, and usable in a wide range of bioconjugate
techniques involved in solution phase protein labelling, we have
examined the chemical functionalisation of Ln(III) chelates derived
from 4′-aryl-substituted 2,2′:6′,2′′-terpyridine ligands, with an
alkynylamino group (3-aminopropynyl or aminopropargyl, AP3).
Indeed, we thought that the structural features of this linker
(small size, rigidity and presence of a reactive and stable primary
alkylamino group) should be beneficial for the introduction of the
luminescent label onto the target biopolymers without disrupting
their original structure and properties. This AP3 arm has been
successfully used in the field of nucleic acids chemistry especially
as a key component of fluorescent labelled nucleotides currently
used in DNA sequencing.12,13


Here we report the first synthesis and luminescence properties of
the aminopropargyl derivative of terpyridine-bis(methyl-enamine)
tetraacetic acid europium chelate (Eu (TMT)-AP3) 3. The use of
this chelate for solution phase labelling of peptides and proteins
is illustrated by the preparation of two original FRET substrates
suitable for a caspase-3 assay14 and by its coupling to a monoclonal
antibody.


Results and discussion


Synthesis of the AP3-terpyridine ligand


Terpyridine ligand 9 was prepared in 3 steps from the
already published 6,6′′-bis(aminomethyl)-4′-(4-bromophenyl)-
2,2′:6′,2′′-terpyridine ligand 4 (Scheme 2).15 The introduction of
the four chelating carboxylic acid functions (by alkylation of
the free aminomethyl groups) and the reactive AP3 arm (by
Pd(0)-catalyzed Sonogashira cross-coupling16) requires the use of
reagents (bromoacetic acid and propargylamine) bearing a pro-
tected functional group (respectively CO2H or NH2). According
to the nature of protecting groups used (acid- or base-labile), two
different strategies have been tested.


We first examined the synthetic strategy which provides the full-
protected ligand 6 whose reactive functions are masked with base-
labile protecting groups (methyl ester for CO2H and trifluoroacetyl
for NH2 respectively, path a in Scheme 2). Thus, bis(aminomethyl)
terpyridine derivative 4 was carboxymethylated to the tetraester 5
by treatment with an excess of methyl bromoacetate in the presence
of DIEA and potassium iodide as catalyst in dry DMF. Thereafter,
reaction of 5 with N-propargyltrifluoroacetamide in the presence
of Pd(II) and CuI in a mixture of triethylamine and DMF
gave the desired ligand 6 in 49% yield. Finally, the removal
of the protecting groups was achieved by treatment with 1 N
sodium hydroxide in methanol. However, this treatment led to
the complete decomposition of the ligand. Furthermore, HPLC
analyses of the crude deprotection mixture have clearly shown
the formation of numerous decomposing products which were
not characterised. However, 1H NMR analyses of the crude
deprotected ligand have shown the loss of the signal (singlet around
3.70 ppm in D2O) assigned to the methylene group of the AP3 arm.
This result suggests that the side-reaction(s) probably starts with
proton abstraction from this carbon to give a carbanion which
might decompose through different chemical pathways.


Consequently, we have explored another protection strategy
(path b in Scheme 2). Indeed, we thought that the use of
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Scheme 2 Synthesis of the AP3-terpyridine ligand 9.


acid-labile protecting groups (tert-butyl ester for CO2H and
trityl for NH2 respectively) which can be removed by treatment
with trifluoroacetic acid and appropriate scavengers, was more
suited to the stability of our AP3-terpyridine ligand. With this
goal in mind, the bis(aminomethyl) terpyridine derivative 4 was
carboxymethylated to the tetraester 7 by treatment with an excess
of tert-butyl bromoacetate as described above for the methyl
ester. Thereafter, reaction of 7 with N-tritylpropargylamine in
the presence of Pd(Ph3)4 and CuI in triethylamine gave the
desired ligand in moderate yield. Unlike the Sonogashira cross-
coupling reactions involving N-protected propargylamine and
less sophisticated halogeno-aryl derivatives,12 it is essential to use
a significantly higher amount of Pd catalyst to get acceptable
yields. That may be explained by partial inhibition of this catalyst
through chelation of its metal centre within the terpyridine moiety.
Furthermore, several attempts have clearly shown that more
reproducible yields in 8 were obtained when Pd(Ph3)4 was used
instead of PdCl2(Ph3)2. Finally, the removal of the tert-butyl and


trityl groups was achieved by treatment with a trifluoroacetic
acid solution containing 5% of water and 5% of thioanisole. The
crude AP3-terpyridine ligand 9 was isolated by precipitation in
Et2O. However, further purification by flash-chromatography on
a RP-C18 silica gel column was essential to remove hydrophobic
side-products resulting from the reaction between thioanisole and
tert-butyl or trityl cations. Thus, 9 was obtained in 41% yield and
its structure was confirmed by detailed measurements, including
ESI mass spectrometry and NMR analyses.


Synthesis and characterisation of the Eu (TMT)-AP3 chelate


The AP3-terpyridine ligand 9 was converted to the corresponding
Eu(III) chelate 3 by treatment with aqueous europium(III) chloride
(Scheme 3). Purification was achieved by flash-chromatography on
a RP–C18 silica gel column and provided 3 in quantitative yield.
The formation of this lanthanide chelate is clearly demonstrated by
UV–visible spectrophotometric titration of 9 in water by following
the variations in the UV–visible spectra of the ligand upon


Scheme 3 Synthesis of the Eu (TMT)-AP3 chelate 3 and its corresponding
iodoacetyl and aldehyde derivatives 11 and 12.amixture of reactive species
(monomeric and polymeric forms).
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addition of increasing amounts of EuCl3·6H2O salt. Addition
of aliquots of the lanthanide solution immediately results in
the displacement of the absorption maximum to lower energies,
from 290 nm for the free ligand to 298 nm for 1 equiv. of
added lanthanide salt. Upon further addition of europium the
spectra remained unchanged. This result pointed to the formation
of a single new absorbing species with a one metal to one
ligand stoichiometry. In these conditions, the apparent association
constant for the formation of the complex appears to be too
high to be determined by a single titration curve. However,
competitive binding experiments indicate that the TMT moiety
readily displaces the Eu(III) ion from the EDTA–Eu complex4 and
so that the conditional stability constant of 3 could be estimated
as superior to 1017. ESI-MS spectra of 3 were recorded in either
positive or negative modes, revealing in both cases the expected
molecular peak (Fig. 1). Indeed, the positive integration mode
displayed [(L − 3H+) + Na+ + Eu3+]+ as the major peaks with


the expected isotopic pattern distribution (823.1 (85%) and 825.1
(100%)) and the spectrum recorded in the negative mode showed
the presence of the [(L − 4H+) + Eu3+]− species at 799.2 and 801.2
m/z units (with 80% and 100% relative intensities, respectively).


Photophysical properties of the Eu (TMT)-AP3 chelate


The excitation maxima, absorption coefficient (e), emission max-
ima, mean metal luminescence lifetime (s), quantum yield (U)
and luminescence yield (eU) for the chelate 3 are presented in
Table 1. Unlike Eu(III) chelates bearing a free aromatic NH2


group,6 3 shows a strong metal luminescence in water solution
upon excitation of the terpyridine ligand. As an example, the
excitation and emission spectra of 3 are shown in Fig. 2. The
emission spectrum presents the usual 5D0 → 7FJ (J = 1–4)
transitions typical of the Eu(III) ion. The luminescence quantum
yield of this chelate was measured by a relative method using


Fig. 1 ESI mass spectra of the Eu (TMT)-AP3 chelate 3. a) positive mode, b) negative mode, calcd mass for C34H28N6O8Eu 800.60.
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Table 1 Photophysical properties of Eu (TMT)-AP3 chelate 3 in
deionised water at 25◦C


kmax, abs/nm kmax, em/nma e/L mol−1 cm−1 Ub eUc s/msd


238, 298 616 25 000, 42 000 0.0064 210 1.41


a Only the most intense emission band corresponding to the 5D0 → 7F2


transition is presented. b Determined by using Ru(bpy)3Cl2 as a standard
(U = 0.028, according to ref. 37). c e value of 3 at k = 292 nm (32 956 L
mol−1 cm−1) corresponding to the excitation wavelength selected for the
quantum yield measurements was used for this calculation. d An aq.
solution of 3 at a concentration of 11.0 10−6 mol L−1 was used. The
measurement was also achieved in D2O under the same conditions,
s(D2O) = 2.28 ms. As expected, the hydration number (q) obtained from
the equation q = A [s(H2O)−1 − s(D2O)−1 − 0.25] (according to ref. 39),
where A = 5.0, was found to be close to zero (q = 0.10).


Fig. 2 Normalised absorption and emission spectra of 3 in deionised
water at 25 ◦C.


Ru(bpy)3Cl2 as a standard.7 The luminescence yield of 3 was found
to be comparable to values reported for some Ln(III) chelates
derived from the parent compound 10 by substitution of its 4′-
phenyl ring.6 Therefore, these photophysical properties allowed
us to consider some applications of 3 as labelling reagent of
biopolymers.


Labelling peptides in solution with the Eu (TMT)-AP3 chelate—
application to the preparation of FRET substrates of caspase-3
protease


To demonstrate the utility of the Eu (TMT)-AP3 chelate as a
reagent for biopolymer derivatisation, 3 was converted to the
corresponding iodoacetamido and aldehyde derivatives 11–12
(Scheme 3) and coupled to Cy 5.0 labelled hexapeptides bearing
either a free cysteine or a lysine amino acid residue (Scheme 4
and 5). The use of non standard protecting groups removable


under mild reducing conditions (St-Bu for cysteine and Pydec17 for
lysine) has enabled the selective introduction of the two fluorescent
labels at two different amino acid residues within the peptides, thus
obtaining FRET substrates (Eu (TMT)-AP3 chelate and Cy 5.0 dye
act as donor and acceptor respectively) through original labelling
methods. The target hexapeptides Ac-Cys(Eu (TMT)-AP3)-Asp-
Glu-Val-Asp-Lys(Cy 5.0)-NH2 16 and Ac-Lys(Cy 5.0)-Asp-Glu-
Val-Asp-Lys(Eu (TMT)-AP3)–NH2 21 contain the Asp-Glu-Val-
Asp motif which is a specific substrate for caspase-3. The cleavage
site is located after the aspartic acid residue at the C-terminal
side. Caspases are Cysteine-ASpartic-acid-ProteASES that play a
critical role as mediators for apoptotic cell death.18 Caspase-3 has
been specifically identified as being a key mediator of apoptosis
of mammalian cells19: activation of caspase-3 indicates that the
apoptotic pathway has progressed to an irreversible stage. There
is thus a growing interest in identifying caspase inhibitors to
minimise cell death in pathological conditions (neurodegenerative
diseases for instance) but also for inducing caspase activation in
cancer cells.20 In addition, caspase-3 is widely used for monitoring
apoptosis induction for general cytotoxicity screening. This inter-
est for caspase-3 resulted in the development of several assays using
a variety of formats and amenable to high throughput screening.21


Peptides 13 and 17 have been chosen as suitable targets in order
to get novel fluorogenic substrates useful for detecting apoptosis
in whole cells and for cell-based high throughput screening assays
for apoptosis inhibitors or inducers.22


Firstly, the iodoacetyl moiety was introduced on the AP3 arm of
3 by acylation of its primary amino group with the commercially
available heterobifunctional cross-linker sulfosuccinimidyl(4-
iodoacetyl)aminobenzoate (i.e., Sulfo-SIAB) in borate buffer
(pH 8.1). After completion of the reaction, a further derivatisation
step of the unreacted Sulfo-SIAB reagent by treatment with a
scavenging excess of pentylamine was achieved to facilitate the
purification. Indeed, flash-chromatography on a RP-C18 silica gel
column provided the thiol-reactive luminescent Ln(III) chelate
11 in a pure form (yield 68%). Its structure was confirmed by
ESI mass spectrometry. Due to the poor stability of the couple
of fluorophores (3 and Cy 5.0) towards harsh acidic conditions
currently used for the final deprotection of synthetic peptides,
post-synthetic labelling of the peptidic backbone Ac-Cys-Asp-
Glu-Val-Asp-Lys-NH2 seems to be the best synthetic strategy to
get the target caspase-3 substrate 16 in good yield and with a
high degree of purity (Scheme 4). Thus, the crude peptide Ac-
Cys(St-Bu)-Asp-Glu-Val-Asp-Lys-NH2 13 was firstly treated with
the N-hydroxysuccinimidyl ester of Cy 5.0 dye in dry DMF in
the presence of triethylamine. Purification by RP-HPLC provided
the Cy 5.0 labelled peptide Ac-Cys(St-Bu)-Asp-Glu-Val-Asp-
Lys(Cy 5.0)-NH2 14 in 62% yield. It should be mentioned that
trifluoroacetic acid was substituted by acetic acid (or formic acid)
in the HPLC purification because prolonged exposure of Cy 5.0
dye to strong acid (such as 0.1% aq. trifluoroacetic acid solution)
was detrimental for fluorescence (although little change in the
absorption spectrum was observed).23 The removal of the tert-
butylthio protecting group from the cysteine residue was achieved
by treatment with an excess of dithiothreitol (DTT) in a mixture
of DMF and aq. sodium bicarbonate buffer (pH 8.5). Purification
of the free sulfhydryl containing peptide–Cy 5.0 conjugate 15 was
achieved by RP-HPLC. Finally, iodoacetamido activated Eu(III)
chelate 11 was attached on the free cysteine of peptide 15 by using


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 4165–4177 | 4169







Scheme 4 Preparation of the energy-transfer substrate of caspase-3 enzyme 16.


a 2 : 1 molar excess (11 : 15) in sodium bicarbonate buffer (pH 8.5).
The caspase-3 substrate 16 was purified by RP-HPLC by using a
volatile aq. buffer (i.e., triethylammonium bicarbonate (TEAB),
50 mM, pH 7.5) and acetonitrile as eluents to keep the integrity
of the Eu(III) chelate. Due to the small differences in polarity
between the peptides 15 and 16 and iodoacetamido derivative 11,


it is essential to use a slow linear gradient of increasing acetonitrile
(0.4% min−1) in aq. TEAB buffer to get peptide 16 in a pure form
(yield 40%, purity >95%). Analysis of this fluorogenic substrate
using MALDI-TOF mass spectrometry indicated the presence
and integrity of Cy 5.0 dye and Eu(III) chelate within the peptide
architecture (Fig. 3).


Fig. 3 MALDI-TOF mass spectrum of the fluorogenic substrate of caspase-3 protease 16, in the positive mode, a-cyano-4-hydroxycinnamic acid was
used as a matrix, (M + H)+: m/z: calcd 2348.4, found 2350.7. ¶loss of Eu(III) occurred during the ionisation process.
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Scheme 5 Preparation of the energy-transfer substrate of caspase-3 enzyme 21.


In addition to this first fluorescent labelling method, we have
explored an alternative strategy for introducing the same FRET
donor–quencher pair onto the two distinct lysine residues of
hexapeptide 17 (Scheme 5). This original fluorescent labelling
method involves the use of the Pydec moiety as protecting
group of a lysine side chain. Indeed we recently designed this
amine protecting group, fully compatible with the stability of
biopolymers and fluorophores. It is of an easy synthetic access,
and removable under mild reducing conditions. This protective
group proved to be a powerful tool to efficiently differentiate
two primary amino groups of otherwise similar reactivity.17 The
conversion of the Eu (TMT)-AP3 chelate into an amine-reactive
reagent is required for its coupling to a lysine residue. Chemical
derivatisation of 3 with N,N ′-disuccinimidyl carbonate (DSC)
and thiophosgene was firstly explored. However, attempts to get
the corresponding succinimidyl carbamate and isothiocyanato
derivatives failed. Indeed, the stability of the DSC reagent was
found to be poorly compatible with the neutral aq. conditions in
which 3 is fairly soluble. As far as the reaction with thiophosgene is
concerned, quantitative formation of the Eu(III) chelate dimer 18
bearing a thiourea linkage was observed (isolation by RP-HPLC
and structure confirmed by ESI mass spectrometry), even under
the experimental conditions currently used for the derivatisation
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of aromatic amines with this reagent (slow addition of the aq.
solution of 3 to a large excess of thiophosgene).


Since the dicarbonyl compounds such as glutaraldehyde are
routinely used as protein cross-linking reagents,24 we decided
to modify the free amino group of 3 with this bis-aldehyde
compound to form an activated derivative able to react with
the free lysine residue (Scheme 3). The hexapeptide Ac-Lys-
Asp-Glu-Val-Asp-Lys(Pydec)-NH2 17, synthesised by the solid-
phase method as previously described,17 was firstly treated with
the N-hydroxysuccinimidyl ester of Cy 5.0 dye in dry NMP
in the presence of DIEA. Purification by RP-HPLC provided
the Cy 5.0 labelled peptide Ac-Lys(Cy 5.0)-Asp-Glu-Val-Asp-
Lys(Pydec)-NH2 19 in 85% yield. The removal of the Pydec
protecting group from the C-terminal side lysine residue was
achieved by treatment with an excess of DTT (50 equiv.) in Tris
HCl buffer (pH 9.0). Purification of the free amine containing
peptide–Cy 5.0 conjugate 20 was achieved by RP-HPLC. Finally,
the aldehyde derivative 12, prepared immediately prior to use
by treatment of Eu (TMT)-AP3 chelate with a slight excess of
glutaraldehyde (1.5 equiv.), was used to label the free amino group
of the peptide 20 by using 2 : 1 molar excess (12 : 20) in deionised
water. After reduction of the resulting Schiff base linkages with
sodium cyanoborohydride, the caspase-3 substrate 21 was purified
by RP-HPLC (yield 50%). On the RP-HPLC elution profile of this
fluorogenic probe (see ESI†), a broad peak was observed, reflecting
the presence of a mixture of dual-labelled peptides due to the
propensity of glutaraldehyde to polymerise in aq. solution and to
react with amines by several means such as aldol condensation
or Michael-type addition.25 Thus, it was not possible to get an
easily interpretable ESI or MALDI-TOF mass spectrum of 21.
However, FRET measurements (see below) have confirmed the
presence and integrity of the two fluorophores 3 and Cy 5.0 within
the hexapeptide.


Photophysical characterisation and in vitro cleavage by caspase-3
of the FRET substrates


When we measured the fluorescence spectrum of the probe 16 (or
21) after excitation of the donor Eu(III) chelate at 298 nm, a major
emission at 672 nm corresponding to the Cy 5.0 fluorescence was
observed (Fig. 4). The lack of the 5D0 → 7F2 transition emission
at 616 nm confirmed that the luminescence of the donor is fully
transferred to the Cy 5.0 dye which shows a significant overlapping
of its excitation spectrum with the emission spectrum of the used
Eu (TMT)-AP3 chelate. This Cy 5.0 emission occurred via the


Fig. 4 Fluorescence emission spectra (excitation at 298 nm) of peptides 16 (a) and 21 (b) in caspase-3 buffer at 37 ◦C (concentration: 1 lM). *Residual
emission at 616 nm is most likely due to an uncomplete energy transfer from the donor to the acceptor. As peptide 21 is a mixture of compounds with
various content of polymerised glutaraldehyde, this results in Eu(III) labels which are more distant from the Cy 5.0 dye than the usual Förster distance.


Fig. 5 Fluorescence emission time course (excitation at 298 nm) of
peptide 16 (concentration 1 lM) with recombinant human caspase-3 (3.2
10−3 U, incubation time 3 h) in caspase assay buffer (100 mM NaCl, 40 mM
HEPES, 10 mM DTT, 1 mM EDTA, 10% (w/v) sucrose and 0.1% (w/v)
CHAPS, pH 7.2, 37 ◦C) at 616 (a) and 672 nm (b).


non-radiative transfer from the donor to the acceptor according
to the theory of Förster.26 The efficiency of the energy transfer
obtained with this doubly labelled substrate is compatible with the
use of this read-out for monitoring caspase-3 activity. Enzymatic
action will result from de-quenching of donor luminescence upon
separation of the two labels as a consequence of enzymatic
peptide bond cleavage. As expected, incubation of peptide 16 with
recombinant human caspase-3 has resulted in an increase of the
fluorescence emission of Eu(III) chelate at 616 nm (Fig. 5). This
de-quenching effect of the donor is concomitant to a decrease of
Cy 5.0 acceptor emission at 672 nm due to the abolishment of
FRET resulting from the protease cleavage. After a 1 h reaction
time, the donor luminescence total recovery suggests that the
peptide bond cleavage reaction induced by caspase-3 went to
completion and is in agreement with an initial almost quantitative
transfer efficiency. Furthermore, no non-specific cleavage of this
probe was observed in a control reaction in which peptide 16
was incubated only with the caspase-3 buffer. Similar results were
obtained when peptide 21 was submitted to the same enzymatic
hydrolysis (see ESI†). These results confirmed that caspase-3
protease exhibits a high degree of substrate tolerance towards
the amino derivative coupled to the C-terminal side of the Asp-
Glu-Val-Asp motif. Indeed, a wide range of fluorophores such
as coumarin,27 phenoxazine28 and rhodamine29 derivatives have
already been linked to this tetrapeptide through their aromatic
amino groups to get flurorogenic probes suitable for cell-based
apoptosis assays.
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Antibody labelling using the Eu (TMT)-AP3 chelate


As a further illustration of the applicability of the Eu (TMT)-
AP3 chelate synthesised for biomolecule derivatisation, 3 was
used in the labelling of a monoclonal antibody (anti c-myc
peptide monoclonal antibody, mAb), with the goal in mind to
develop homogeneous TR-FRET titration assays (time-resolved
fluorescent resonance energy transfer assay) for protein–protein
interactions.30 The reaction was easily performed under the same
conditions described above for the introduction of 3 onto lysine
residues within peptide architectures. This reaction proceeded
smoothly and the protein conjugate was easily and completely
purified by size-exclusion chromatography over a Sephadex R© G-
25 column. Protein quantification by UV spectroscopy (for IgG,
1 mg mL−1 has a mean absorbance at k = 280 nm of 1.48) has
enabled determination of a high labelling level of 5.8 Eu (TMT)-
AP3/mAb. The excitation and emission spectra of this protein
conjugate are shown in Fig. 6. The main emission line of the
chelate was observed as usual at around 616 nm. The average
luminescence decay time was long (s 1.03 ms) and comparable to
those recently reported for protein conjugates of Eu(III) chelates
derived from other 2,2′:6′,2′′-terpyridine derivatives.31 As far as
the metal luminescence quantum yield of this protein conjugate is
concerned, when measured for each lanthanide ion, it was found to
be lower than that of the free Eu (TMT)-AP3 chelate 3 (U 0.0038).


Fig. 6 Fluorescence emission and excitation spectra of the anti c-myc
mAb labelled with the europium chelate 3 at 25 ◦C (concentration:
0.117 mg mL−1 in PBS buffer).


Conclusion


In this paper, we have described the first synthesis and photophys-
ical properties of a luminescent Eu(III) chelate containing both
the well-known nonadentate 6,6′′-bis(aminomethyl)-4′-(phenyl)-
2,2′:6′,2′′-terpyridine ligand and an unusual aminopropargyl arm
(AP3 arm). The utility and the high reactivity of this latter linker
are demonstrated through the preparation of iodoacetamido and
aldehyde derivatives 11 and 12 which have been successfully
used in solution-phase peptide labelling. Furthermore, the use
of a non-standard thiol protecting group removable under mild
reducing conditions for temporarily masking a lysine residue, has
enabled the development of an efficient method for producing
dual fluorescently-tagged peptides. We believe that this labelling
strategy is complementary to the solid-phase methods32 because
the experimental conditions are compatible with a wide range
of fluorophores showing poor or moderate chemical stability. In
addition to the preparation of fluorogenic substrates of proteases,


preliminary labelling experiments at the protein level have shown
that it is possible to efficiently label antibodies with the Eu
(TMT)-AP3 chelate by means of dicarbonyl cross-linking reagents
such as glutaraldehyde. As this latter protein conjugate does not
completely maintain the photophysical properties (luminescence
lifetime and quantum yield) of the free chelate, further efforts are
in progress to improve the luminescence yield of 3 especially by
introducing a further benzene ring between the AP3 arm and the
4′-phenyl-2,2′:6′,2′′-terpyridine moiety. Indeed, this approach has
recently been used by Nishioka et al. to get efficient luminescent
Eu(III) chelates for DNA labelling.33


Experimental


General


Column chromatographies were performed on silica gel (40–63
lm) from SdS. Reversed-phase column flash-chromatographies
were performed on octadecyl-functionalised silica gel (mean pore
size 60 Å) from Aldrich or Whatmann. TLC were carried out
on Merck DC Kieselgel 60 F-254 aluminium sheets. Compounds
were visualised by one of the two following methods (or both):
(1) fluorescence quenching, (2) spray with a 0.2% (w/v) ninhydrin
solution in absolute ethanol. MeOH was freshly distilled over
Mg(OMe)2 and stored over 4 Å molecular sieves. DMF was
dried by distillation over BaO. DIEA and triethylamine were
distilled from CaH2 and stored over BaO. 6,6′′-Bis(aminomethyl)-
2,2′:6′,2′′-terpyridine ligand 4 was prepared from 2-acetylpyridine
and 4-bromobenzaldehyde by using the multi-steps syn-
thetic procedure developed by Hovinen and Hakala.15 N-
Propargyltrifluoroacetamide, N-tritylpropargylamine and sulfo-
cyanine dye Cy 5.0 were prepared by using literature procedures.34


Hexapeptides Ac-Cys(St-Bu)-Asp-Glu-Val-Asp-Lys-NH2 13 and
Ac-Lys-Asp-Glu-Val-Asp-Lys(Pydec)-NH2 17 were synthesised
on an automated peptide synthesizer (ABI 433A, Applied Biosys-
tems) using the stepwise solid-phase synthesis method and Fmoc
amino acids, as previously described.17 EuCl3·6H2O was purchased
from Aldrich. N-Sulfosuccinimidyl[4-iodoacetyl]aminobenzoate
(Sulfo-SIAB) was purchased from Pierce. Recombinant human
caspase-3 enzyme (5.52 U mg−1) was purchased from Sigma. The
HPLC grade solvents (CH3CN and MeOH) were obtained from
Acros. Aqueous buffers for HPLC were prepared using water
purified with a Milli-Q system. 1.0 M triethylammonium acetate
(TEAA) and triethylammonium bicarbonate (TEAB) buffers were
prepared from distilled triethylamine and glacial acetic acid or
CO2 gas. 1H-, 13C- and 19F-NMR spectra were recorded on a
Bruker DPX 300 (Bruker, Wissembourg, France). Chemical shifts
are expressed in parts per million (ppm) from CDCl3 (dH =
7.26, dC = 77.36) or D2O (dH = 4.79).35 J values are in Hz.
13C substitution was determined with a JMOD pulse sequence,
differentiating signals of methyl and methine carbons pointing
“down” (−) from methylene and quaternary carbons pointing
“up” (+). Infrared (IR) spectra were recorded as thin-film on
sodium chloride plates or KBr pellets using a Perkin Elmer FT-
IR Paragon 500 spectrometer with frequencies given in reciprocal
centimeters (cm−1). UV–visible spectra were obtained on a Varian
Cary 50 scan spectrophotometer. Fluorescence spectroscopic
studies were performed in a semi-micro fluorescence cell (Hellma R©,
104F-QS, 10 × 4 mm, 1400 lL) with a Varian Cary Eclipse
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spectrophotometer. Mass spectra were obtained with a Finnigan
LCQ Advantage MAX (ion trap) apparatus equipped with an
electrospray source. The purified peptides were characterised by
MALDI-TOF mass spectrometry on a Voyager DE PRO in the
reflector mode with CHCA as a matrix. The syntheses of Eu(III)
chelate dimer 18 and FRET substrate 21 are described in the
ESI.†


High-performance liquid chromatography separations


Several chromatographic systems were used for the analytical
experiments and the purification steps. System A: RP-HPLC
(Zorbax Eclipse XDB-C8 column, 5 lm, 4.6 × 150 mm) with
CH3CN and 0.1% aq. trifluoroacetic acid (aq. TFA, 0.1%, v/v,
pH 2.0) as the eluents [100% TFA (5 min), linear gradient from
0 to 45% (30 min) and 45 to 90% (15 min) of CH3CN] at a flow
rate of 1 mL min−1. UV detection was achieved at 285 nm. System
B: System A with triethylammonium acetate (TEAA, 100 mM,
pH 7.0) as aqueous buffer. System C: RP-HPLC (Waters Xterra
MS C18 column, 5 lm, 7.8 × 100 mm) with CH3CN and 0.1%
aq. acetic acid (aq. AcOH, 0.1%, v/v, pH 3.8) as the eluents
[95% AcOH (5 min), linear gradient from 5 to 65% (30 min) of
CH3CN] at a flow rate of 2.5 mL min−1. UV detection was achieved
at 260 nm. System D: System C with the following gradient
[95% AcOH (5 min), linear gradient from 5 to 50% (30 min) of
CH3CN]. System E: RP-HPLC (Zorbax Eclipse XDB-C8 column,
5 lm, 4.6 × 150 mm) with CH3CN and aq. AcOH as the eluents
[100% AcOH (5 min), linear gradient from 0 to 60% (30 min)
of CH3CN] at a flow rate of 1.0 mL min−1. UV–visible detection
was achieved at 650 nm. System F : System C with the following
gradient [100% AcOH (5 min), linear gradient from 0 to 70% (70
min) of CH3CN]. System G: RP-HPLC (Waters Xterra MS C18


column, 5 lm, 7.8 × 100 mm) with CH3CN and triethylammonium
bicarbonate buffer (TEAB 50 mM, pH 7.5) as the eluents [100%
TEAB (5 min), linear gradient from 0 to 10% (10 min) and 10
to 70% (120 min) of CH3CN] at a flow rate of 2.5 mL min−1.
UV detection was achieved at 260 nm. System H: System G with
the following gradient [100% TEAB (5 min), then linear gradient
from 0 to 10% (10 min) and 10 to 60% (120 min)] at a flow rate
of 2.5 mL min−1. UV detection was achieved at 260 nm. System I :
RP-HPLC (Zorbax Eclipse XDB-C8 column, 5 lm, 4.6 × 150 mm)
with CH3CN and TEAB buffer (50 mM, pH 7.5) as the eluents
[100% TEAB (5 min), linear gradient from 0 to 60% (30 min) of
CH3CN] at a flow rate of 1.0 mL min−1. UV detection was achieved
at 260 nm.


Tetramethyl ester15 5


Compound 4 (0.7 g, 1.11 mmol) was suspended in dry DMF
(5 mL). KI (0.205 g, 1.22 mmol) and DIEA (3.11 mL, 17.81 mmol)
were sequentially added and the resulting mixture was de-aerated
with argon. Methyl bromoacetate (0.85 mL, 8.90 mmol) was added
and the resulting reaction mixture was stirred overnight under
an argon atmosphere. The reaction was checked for completion
by TLC (cyclohexane–ethyl acetate–Et3N 45 : 45 : 10) and the
mixture was evaporated to dryness. The residue was dissolved in
dichloromethane (75 mL) and washed with sat. NaHCO3 (1 ×
50 mL) and brine (2 × 50 mL), dried over Na2SO4 and evaporated
to dryness. The resulting residue was purified by chromatography


on a silica gel column (30 g, dry loading) with a step gradient
of ethyl acetate (0–40%) in cyclohexane–triethylamine (9 : 1) as
the mobile phase, giving 0.48 g (0.65 mmol) of compound 5 as
an orange oil (yield 58%). Rf 0.78 (cyclohexane–ethyl acetate–
Et3N 45 : 45 : 10); 1H-NMR (300 MHz, CDCl3): d 8.61 (s, 2H),
8.47 (d, J = 7.9 Hz, 2H), 7.82–7.52 (m, 8H), 4.11 (s, 4H, –CH2–
N(CH2–CO2CH3)2), 3.65 (s, 8H, N–CH2–CO2CH3), 3.63 (s, 12H,
N–CH2–CO2CH3).


Full-protected AP3-terpyridine ligand 6


Compound 5 (0.46 g, 0.63 mmol) and N-propargyltri-
fluoroacetamide (0.14 g, 0.95 mmol) were dissolved in a mixture
of dry DMF–triethylamine (8 : 2, 4.4 mL) and de-aerated with
argon for 10 min. CuI (19 mg, 0.1 mmol) and PdCl2(PPh3)2


(35 mg, 0.05 mmol) were added and the mixture was stirred
overnight at 65–70 ◦C (oil bath temperature). After 5.5 h, further
amounts of N-propargyltrifluoroacetamide (71 mg, 0.47 mmol),
CuI (9.5 mg, 0.05 mmol), PdCl2(PPh3)2 (17.5 mg, 0.025 mmol),
DMF (1.75 mL) and Et3N (0.46 mL) were added. The reaction was
checked for completion by TLC (cyclohexane–ethyl acetate–Et3N
55 : 35 : 10) and the mixture was evaporated to dryness. Purification
by chromatography on a silica gel column (30 g, loading with
dichloromethane) with a step gradient of ethyl acetate (0–100%)
in cyclohexane–triethylamine (9 : 1) gave 0.25 g (0.31 mmol) of
compound 6 as an orange oil (yield 49%). Rf 0.36 (cyclohexane–
ethyl acetate–Et3N 55 : 35 : 10); 1H-NMR (300 MHz, CDCl3): d
8.63 (s, 2H), 8.48 (d, J = 7.9 Hz, 2H), 7.83–7.53 (m, 8H), 4.38
(d, J = 5.2 Hz, 2H, –C≡C–CH2–NHCOCF3), 4.12 (s, 4H, –CH2–
N(CH2–CO2CH3)2), 3.65 (s, 8H, N–CH2–CO2CH3), 3.63 (s, 12H,
N–CH2–CO2CH3); 19F-NMR (282 MHz, CDCl3): d −76.15 (s, 3F,
COCF 3); MS (ESI+): m/z 806.20 [M + H]+, 828.07 [M + Na]+,
calcd for C40H39F3N6O9 804.79.


Tetra(tert-butyl) ester36 7


Compound 4 (0.57 g, 0.91 mmol) was suspended in dry DMF
(4 mL). KI (0.165 g, 1.0 mmol) and DIEA (2.53 ml, 14.5 mmol)
were sequentially added and the resulting mixture was de-aerated
with argon. tert-Butyl bromoacetate (1.1 mL, 7.25 mmol) was
added and the resulting reaction mixture was stirred overnight
under an argon atmosphere. The reaction was checked for
completion by TLC (cyclohexane–ethyl acetate–Et3N 55 : 35 :
10) and the mixture was evaporated to dryness. The residue
was dissolved in dichloromethane (50 mL) and washed with
aq. 5% NaHCO3 (1 × 50 mL) and brine (1 × 50 mL), dried
over Na2SO4 and evaporated to dryness. The resulting residue
was purified by chromatography on a silica gel column (20 g,
dry loading) with a step gradient of ethyl acetate (0–20%) in
cyclohexane–triethylamine (9 : 1) as the mobile phase, giving
0.58 g (0.64 mmol) of compound 7 as an orange oil (yield 70%).
Rf 0.96 (cyclohexane–ethyl acetate–Et3N 55 : 35 : 10); 1H-NMR
(300 MHz, CDCl3): d 8.62 (s, 2H), 8.47 (d, J = 7.1 Hz, 2H),
7.82–7.56 (m, 8H), 4.09 (s, 4H, –CH2–N(CH2–CO2t-Bu)2), 3.48
(s, 8H, N–CH2–CO2t-Bu), 1.39 (s, 36H, N–CH2–CO2tBu); 13C-
NMR (75.5 MHz, CDCl3): d 27.9 (12C), 55.5 (4C), 59.6 (2C),
80.8 (4C), 118.3 (2C), 119.4 (2C), 123.1 (2C), 128.7 (2C), 131.8
(2C), 137.2 (2C), 137.6 (2C), 148.5, 154.9, 155.9, 158.5 (2C), 170.4
(4C).
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Full-protected AP3-terpyridine ligand 8


Compound 7 (0.165 g, 0.18 mmol) and N-tritylpropargylamine
(65 mg, 0.22 mmol) were dissolved in dry triethylamine (1.6 mL)
and de-aerated with argon for 10 min. CuI (1 mg, 5.2 lmol)
and Pd(Ph3)4 (5 mg, 4.3 lmol) were sequentially added and the
resulting mixture was stirred at 80 ◦C overnight under an argon
atmosphere. The reaction was checked for completion by TLC
(cyclohexane–ethyl acetate–Et3N 55 : 35 : 10) and the mixture was
evaporated to dryness. Purification by chromatography was made
on a silica gel column (40 g, dry loading) with a step gradient of
ethyl acetate (0–10%) in cyclohexane–triethylamine (9 : 1) as the
mobile phase. 67 mg (0.60 mmol) of compound 8 were obtained
as a yellow foam (yield 33%). Rf 0.71 (cyclohexane–ethyl acetate–
Et3N 55 : 35 : 10); IR (CH2Cl2): mmax 755, 1143, 1218, 1260, 1368,
1581, 1736, 2978 cm−1; 1H-NMR (300 MHz, CDCl3): d 8.72 (s,
2H), 8.54 (d, J = 7.1 Hz, 2H), 7.89–7.81 (m, 4H), 7.71 (d, J = 7.0,
2H), 7.56–7.52 (m, 8H), 7.34–7.20 (m, 9H), 4.17 (s, 4H, –CH2–
N(CH2–CO2t-Bu)2), 3.55 (s, 8H, N–CH2–CO2t-Bu), 3.24 (bd, J =
4.2 Hz, 2H, –C≡C–CH2–NHTrt), 1.46 (s, 36H, N–CH2–CO2tBu);
13C-NMR (75.5 MHz, CDCl3): d 27.9 (12C), 34.2 (1C), 55.5 (4C),
59.6 (2C), 70.8, 80.7 (4C), 118.3, 119.4, 123.0, 126.3, 126.8, 127.0,
127.6, 127.7, 128.4, 131.9, 137.2, 145.0, 148.8, 155.0, 155.8, 158.5,
170.4 (4C); MS (ESI+): m/z 1120.40 [M + H]+, 1141.60 [M + Na]+,
calcd for C69H78N6O8 1119.43.


AP3-Terpyridine ligand 9


A mixture of TFA–PhSCH3–H2O (90 : 5 : 5, 3 mL) was cooled to
4 ◦C and added to compound 8 (0.158 g, 0.14 mmol). The reaction
mixture was stirred for 5 h at room temperature. Thereafter,
the mixture was evaporated to dryness and co-evaporated once
with cyclohexane. The resulting oily residue was dissolved in
TFA (1 mL) and precipitated with cold Et2O (10 mL). The
resulting brown solid was collected by centrifugation and purified
by chromatography on a RP-C18 silica gel column (16 g) with
a step gradient of MeOH (0–30%) in aq. TFA as the mobile
phase. The product-containing fractions were lyophilised to give
the compound 9 as a beige amorphous powder (57 mg, yield 41%).
IR (KBr): mmax 1395, 1586, 1632 (broad), 3078, 3401 (broad) cm−1;
1H-NMR (300 MHz, D2O + 1 N NaOD): d 8.16 (s, 2H), 8.05–7.97
(m, 4H), 7.86 (d, J = 7.5 Hz, 2H), 7.73 (d, J = 7.1 Hz, 2H), 7.53 (d,
J = 7.9 Hz, 2H), 4.05 (s, 4H, –CH2–N(CH2–CO2H)2), 3.74 (s, 2H,
–C≡C–CH2–NH2), 3.38 (s, 8H, N–CH2–CO2H); HPLC (system
A): tR = 18.1 min, purity >95%; UV–visible (recorded during the
HPLC analysis): kmax = 255, 288 nm; MS (ESI+): m/z 653.6 [M +
H]+, calcd for C34H32N6O8 652.67; Anal.: found C 48.15; H 2.91;
N 8.43. C34H32N6O8·3C2HF3O2 (TFA) requires C 48.30; H 3.55; N
8.45%.


Eu (TMT)-AP3 chelate 3


Compound 9 (46.7 mg, 0.047 mmol) was introduced into a
Reacti-VialTM (Pierce, #13222) and dissolved in deionised water
(1.16 mL). 290 lL of an aq. solution of NaHCO3 (55.3 mg in
0.98 mL of deionised water) were added in order to adjust the
pH at 6.5. 150 lL of an aq. solution of EuCl3·6H2O (48.3 mg in
0.39 mL of deionised water) were added and the reaction mixture
was protected from light and stirred at room temperature for 2 h.


After several min, further 50 lL of aq. NaHCO3 were added to
again reach pH 6.5. The reaction was checked for completion by
UV–visible spectrophotometry. The mixture was dissolved with
deionised water (∼1 mL) and purified by chromatography on a RP-
C18 silica gel column (8 g) with a step gradient of MeOH (0–16%) in
water as the mobile phase. The product-containing fractions were
lyophilised to give the compound 3 as a white amorphous powder
(38.7 mg, quantitative yield). IR (KBr): mmax 1404, 1602 (broad),
2926, 3435 (broad) cm−1; HPLC (system B): tR = 17.5 min, purity
>95%; UV–visible (water): kmax (e) = 238 (25 000 L mol−1 cm−1),
298 (42 000 L mol−1 cm−1); MS (ESI+): m/z 801.0 and 803.0 [M +
H]+, 823.1 and 825.1 [M + Na]+; MS (ESI−): m/z 799.2 and 801.2
[M − H]−, calcd for C34H28N6O8Eu 800.60.


Iodoacetamido derivative 11


Compound 3 (22.0 mg, 0.027 mmol) was introduced into a Reacti-
VialTM and dissolved in borate buffer (0.8 mL, 50 mM, pH 8.1).
200 lL of a solution of Sulfo-SIAB reagent in borate buffer
(19.2 mg, 0.038 mmol) were added. The reaction mixture was
protected from light and stirred at room temperature for 2 h. After
30 min, further amounts of borate buffer (1 mL) and 3 N NaOH
(12 ll) were added to again reach pH ∼8. The reaction was checked
for completion by RP-HPLC (system B). Finally, the reaction
mixture was quenched with a solution of pentylamine in borate
buffer (19.1 ll in 2.0 mL), stirred for 30 min and purified by RP-C18


silica gel column (5 g) with a step gradient of acetonitrile (0–20%)
in water. The product-containing fractions were lyophilised to give
the compound 11 as a white amorphous powder (19.9 mg, yield
68%). HPLC (system B): tR = 25.5 min, purity >95%; MS (ESI+):
m/z 1132.0 and 1134.1 [M + 2Na]+; MS (ESI−): m/z 1086.0 and
1087.9 [M − H]−, calcd for C43H34IN7O10Eu 1087.66.


Optical properties of Eu (TMT-AP3) chelate 3


The absorption spectrum of 3 was recorded (220–800 nm) in
deionised water (concentration: 3.0 lM) at 25 ◦C. Emission
spectra were recorded (350–800 nm) under the same conditions
(concentration: 11.0 lm) after excitation at 298 nm (excitation
and emission slit = 5 nm). The luminescence quantum yield
of 3 was measured in deionised water at 25 ◦C by a relative
method using Ru(bpy)3Cl2 as a standard (U = 0.028, according to
ref. 37). Lifetime (average luminescence decay time) measurements
were achieved by using the following parameters: delay time =
0 ms, flash number = 1, excitation slit = 5 nm, emission slit =
10 nm, total decay time = 10 ms, cycle number = 20 and PMT
(sensitivity) = medium.


Synthesis and characterisation of fluorogenic caspase-3 substrate
Ac-Cys(Eu (TMT)-AP3)-Asp-Glu-Val-Asp-Lys(Cy 5.0)-NH2 (16)


Preparation of Cy 5.0 carboxylic acid, succinimidyl ester. Cy
5.0 carboxylic acid (3.2 mg, 4.88 lmol) was introduced into a
Reacti-VialTM and dissolved in 85 lL of dry DMF. 40 lL of a
solution of TSTU reagent in dry DMF (1.47 mg, 4.88 lmol) and
1.35 lL of Et3N (9.88 lmol) were added and the resulting reaction
mixture was protected from light and stirred at room temperature
for 1 h.
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Synthesis of Ac-Cys(St-Bu)-Asp-Glu-Val-Asp-Lys(Cy 5.0)-NH2


(14). 5.79 mg of crude peptide Ac-Cys(St-Bu)-Asp-Glu-Val-
Asp-Lys-NH2 13 (6.09 lmol, weighed in a 1.0 mL Eppendorf
tube) was dissolved in 220 lL of dry DMF and 0.83 lL of Et3N
(6.09 lmol) was added. After complete solubilisation by vortexing,
the resulting solution was added to the crude reaction mixture
containing the succinimidyl ester of Cy 5.0 dye. Thereafter, a
further amount of Et3N (2.7 lL, 19.52 lmol) was added and the
reaction mixture was protected from light and stirred at room
temperature overnight. The reaction was checked for completion
by RP-HPLC (system C). Finally, the reaction mixture was
quenched by dilution with 1 mL of water and 1mL of aq. AcOH
0.1% and purified by RP-HPLC (system D, 2 injections). The
product-containing fractions were lyophilised to give the peptide–
Cy 5.0 conjugate 14 as a blue amorphous powder. Quantification
was achieved by UV–visible measurements at kmax = 650 nm of the
Cy 5.0 dye by using the e value 250 000 L mol−1 cm−1 (yield after
RP-HPLC purification: 62%). HPLC (system D): tR = 24.2 min;
MS (MALDI-TOF, positive mode, CHCA matrix): m/z 1476.5
[M + H]+; MS (MALDI-TOF, negative mode, CHCA matrix): m/z
1473.4 [M − H]−, calcd exact mass for C66H94N10O20S4 1475.80.


Removal of tert-butylthio group. Peptide Ac-Cys(St-Bu)-Asp-
Glu-Val-Asp-Lys(Cy 5.0)-NH2 14 (4.5 mg, 3.05 lmol) was in-
troduced into a Reacti-VialTM and dissolved in 110 lL of DMF.
340 lL of a solution of DTT (10.5 mg in 380 lL, 60.9 lmol)
in sodium bicarbonate buffer (0.1 M, pH 8.5) were added. The
reaction mixture was protected from light and stirred at room
temperature for 2 h. The reaction was checked for completion by
RP-HPLC (system E). Finally, the reaction mixture was quenched
by dilution with aq. AcOH 0.1% (2 mL) and purified by RP-
HPLC (system F, 2 injections). The product-containing fractions
were lyophilised to give the free sulfhydryl containing peptide–Cy
5.0 conjugate 15 as a blue amorphous powder. Quantification was
achieved by UV–visible measurements at kmax = 650 nm of the
Cy 5.0 dye by using the e value 250 000 L mol−1 cm−1 (yield after
RP-HPLC purification: 52%). HPLC (system E): tR = 22.5 min;
HPLC (system F): tR = 29.3 min.


Synthesis of Ac-Cys(Eu (TMT)-AP3)-Asp-Glu-Val-Asp-Lys(Cy
5.0)-NH2 (16). Peptide Ac-Cys-Asp-Glu-Val-Asp-Lys(Cy 5.0)-
NH2 15 (2.22 mg, 1.6 lmol) was introduced into a Reacti-VialTM


and dissolved in 100 lL of sodium bicarbonate buffer (0.1 M,
pH 8.5). 260 lL of a solution of iodoacetyl derivative 11 (3.54 mg,
3.25 lmol) in sodium bicarbonate buffer (0.1 M and 4% (v/v)
DMF, pH 8.5) were added. The reaction mixture was protected
from light and stirred at room temperature for 4 h. The reaction
was checked for completion by RP-HPLC (system G). Finally,
the reaction mixture was quenched by dilution with TEAB buffer
(2.65 mL) and purified by RP-HPLC (system H, 3 injections). The
product-containing fractions were twice lyophilised to give the
peptide Ac-Cys(Eu (TMT)-AP3)-Asp-Glu-Val-Asp-Lys(Cy 5.0)-
NH2 16 as a blue amorphous powder. A stock solution of
fluorogenic caspase-3 substrate 16 was prepared in HPLC grade
water and UV–visible quantification was achieved at kmax of the
Cy 5.0 dye by using the e value 250 000 L mol−1 cm−1 (yield after
RP-HPLC purification: 40%). HPLC (system G): tR = 40.8 min;
HPLC (system H): tR = 43.1 min; HPLC (system I): tR = 19.0 min,
purity >95%; UV–visible (water): kmax (e) = 297, 652 (250 000 L
mol−1 cm−1); MS (MALDI-TOF, positive mode, CHCA matrix):


m/z 2350.7 [M + H]+; MS (MALDI-TOF, negative mode, CHCA
matrix): m/z 2346.9 [M − H]−, 2771.2 [M − 6H + Na + 4HTEA]−,
calcd exact mass for C105H115N17O30S3Eu 2348.38.


in vitro peptide cleavage by recombinant human caspase-3


A 1.0 lM solution of peptide 16 (or 21) was prepared in 50 lL of
caspase-3 buffer (100 mM NaCl, 40 mM HEPES, 10 mM DTT,
1 mM EDTA, 10% (w/v) sucrose and 0.1% (w/v) CHAPS, pH 7.2)
and transferred into an ultra-micro fluorescence cell (Hellma R©,
105.51-QS, 3 × 3 mm, 45 lL). 2 lL of human recombinant caspase-
3 (3.2 10−3 U) were added and the resulting mixture was incubated
at 37 ◦C. After excitation at 298, 308, 336 and 653 nm (excitation
slit = 5 nm), fluorescence at 616 and 672 nm (excitation slit = 5 nm)
was monitored over time with measurements recorded every 5 s.


Antibody labelling using the Eu (TMT)-AP3 chelate


7 lL of an aq. solution (0.81 mg in 250 lL of deionised water)
of chelate 3 (23.3 nmol) was added to 500 lL of an aq. solution
of anti c-myc 9E10 mAb38 (0.7 mg mL−1) in phosphate buffer
pH 6.5. The mixture was protected from light and stored for 2 h
at 4 ◦C. Thereafter, 0.9 lL of glutaraldehyde (50% in water) were
added. The resulting mixture was stored at 4 ◦C and periodically
vortexed every 30 min over 4 h. Thereafter, NaBH4 (2.0 mg) was
added. The mixture was again stored at 4 ◦C and periodically
vortexed every 15 min over 1 h. Finally, the mixture was purified
on a Sephadex R© G-25 column (7 mL of gel, elution with phosphate
buffered saline (0.01 M phosphate buffer, 0.015 M NaCl, pH 7.4)).
The labelling level was determined by UV–visible spectroscopy.
The UV absorbance at k = 325 nm (e = 22 750 L mol−1 cm−1 for
3 and no significant absorbance for mAb) enabled to determine
the concentration of Eu (TMT)-AP3 chelate within the protein
conjugate. At k = 280 nm, it was possible to determine the mAb
concentration after subtraction of the residual UV absorbance of
3 (e 17 100 L mol−1 cm−1) by using the following relation: [mAb] =
Abs (k = 280 nm)/1.48 and 150 000 Da as the average molecular
weight of mAb. The luminescence quantum yield of this conjugate
was measured in PBS buffer at 25 ◦C by a relative method using
Eu (TMT-AP3) chelate 3 as a standard.
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We have reported a new class of artificial a-helices in which a pre-organized a-turn nucleates the helical
conformation [R. N. Chapman, G. Dimartino, and P. S. Arora, J. Am. Chem. Soc., 2004, 126, 12252
and D. Wang, K. Chen, J. L. Kulp, III, and P. S. Arora, J. Am. Chem. Soc., 2006, 128, 9248]. This
manuscript describes the effect of the core nucleation template on the overall helicity of the peptides
and demonstrates that the macrocycle which most closely mimics the 13-membered hydrogen-bonded
a-turn in canonical a-helices also affords the most stable artificial a-helix. We also investigate the
stability of these synthetic helices through classical helix–coil parameters and find that the denaturation
behavior of HBS a-helices agrees with the theoretical properties of a peptide with a well-defined and
stable helix nucleus.


Introduction


The a-helix is the most common protein secondary structure
and is intimately involved in biomolecular recognition. Artificial
mimics of a-helices have the potential to regulate these molecular
processes.1 We are developing a new approach for the preparation
of stable artificial a-helices from short peptide sequences.2,3 This
approach is centered on the helix–coil transition theory in peptides,
which suggests that the energetically demanding organization
of three consecutive amino acids into the helical orientation
inherently limits the stability of short a-helices.4,5 Our method
affords preorganized a-turns to overcome this intrinsic nucleation
barrier and initiate helix formation.6–8 We prepare preorganized
a-turns by replacing a main-chain hydrogen-bond between the
C=O of the ith amino acid residue and the NH of the i + 4th
amino acid residue with a carbon–carbon bond derived from
a ring closing metathesis reaction (Fig. 1).9 The hydrogen-bond
surrogate (HBS) approach allows full access to the helix surface
due to the internal placement of the cross-link. Our method,
therefore, differs significantly from the commonly employed
side-chain cross-linking methods for helix stabilization,


Fig. 1 Nucleation of short a-helices by replacement of an N-terminal i
and i + 4 hydrogen bond with a carbon–carbon bond.
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characterization of HBS helices, and estimation of the helix–coil transition
in HBS helices. See DOI: 10.1039/b612891b


which sacrifice side-chain functionality to nucleate helical
conformations.10–12 Modifying side-chains renders them unavail-
able for molecular recognition; moreover, the resulting tether
blocks at least one face of the target helix. In previous reports,
we demonstrated that the HBS a-turn can stabilize the a-
helical structure in short alanine-rich2 and biologically-relevant
sequences.3 We have also demonstrated that HBS a-helices can
target their expected protein receptors with high affinities.13


In the HBS approach, the macrocycle mimicking the N-terminal
a-turn nucleates the a-helix. In our preliminary studies we replaced
the 13-membered hydrogen-bonded ring that characterize a-
helices with a 13-membered macrocycle, based on the conjecture
that this ring size may be best at nucleating the helix. In this
paper we fully examine the effect of the macrocycle structure on
the nucleation and stability of the helix. These studies are critical
for the further development of these artificial a-helices as tools
for biomolecular recognition; the experiments described here also
test our basic design principle: is the N-terminal a-turn properly
designed for effective nucleation of the helix? If our initial design
is correct, we would predict that a slight change in the pattern of
hydrogen-bond acceptors in the macrocycle should significantly
disrupt the stability of the a-helix.


In this manuscript, we also inspect the thermal denaturation
properties of the synthetic helices and derive a nucleation constant
based on the Zimm–Bragg helix–coil theory. We find that the HBS
method sets the nucleation constant to unity, in accordance with
the theory and our original hypothesis. These studies suggest that
HBS helices could become unique probes for the examination of
parameters that describe helix formation.


Results and discussion


Effect of nucleation macrocycles on overall helicity


The nucleation studies presented here were performed on two short
peptides 1 and 2 (Fig. 2) derived from apoptotic protein BAK
BH3 and c-Jun coiled-coil domains, respectively.3,14,15 These two
biologically relevant sequences are unstructured at physiological
conditions, providing good models for studying the efficiency of
HBS macrocycles for helix nucleation. In a previously reported
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Fig. 2 (a) Determination of the optimum nucleation macrocycle in HBS
helices. (b) Control peptides and HBS a-helices designed to determine the
effect of the nucleation macrocycle on the overall helicity.


study, we utilized extensive circular dichroism and NMR studies
to demonstrate that the 13-membered HBS analogues (3a and 4a)
of peptides 1 and 2 do indeed adopt stable a-helical structures.3 In
the current manuscript, we present characterization on analogues
that contain 14-membered rings (3c and 4c) in which the hydrogen
bond acceptor (carbonyl groups) functionality is offset by one
atom. (We intended to prepare both the 12-membered and the 14-
membered macrocycle analogs; however, the 12-membered ring
requires a 3-butenoic acid residue (a b,c-unsaturated acid) at the
N-terminus that undergoes alkene isomerization rather than ring-
closing metathesis.) We hypothesized that a minor change in the
macrocycle may have a big impact on the stability of the helix,
thus supporting our original design principles that a precise a-
turn mimic is critical for helix nucleation.


The metathesis-derived macrocycle affords high yields of the
trans-alkene product, and our previous studies have mainly utilized
this alkene isomer. To fully determine the effects of the macrocycle
on nucleation, we also prepared the hydrogenated HBS analogs


containing 13- and 14-membered rings 3b, 3d, 4b and 4d (Fig. 2).
(We were unable to isolate sufficient amounts of the cis-alkene
isomers for the present studies.) We reasoned that the hydrogenated
compounds should be less helical than the trans-alkene analogs
owing to the extra degrees of freedom in the macrocycle.


Characterization by circular dichroism spectroscopy


The HBS helices presented here were synthesized as reported;3,9


detailed synthetic procedures and characterization are included
in the Supplementary Information.† We began structural charac-
terization of 3b–d and 4b–d with circular dichroism spectroscopy.
The CD spectra were obtained in phosphate-buffered saline (PBS)
and in a solution of 10% trifluoroethanol (TFE) in PBS. Fig. 3
shows the CD spectra of HBS a-helices 3a–d and 4a–d along with
their unconstrained peptide counterparts 1 and 2, respectively, in
10% TFE in PBS. A summary of the circular dichroism results is
listed in Table 1. Unconstrained peptides 1 and 2 display spectra
typical of unstructured or slightly helical peptides. Importantly, all
HBS a-helices (3a–d and 4a–d) display double minima at 208 and
222 nm, and maxima near 190 nm consistent with those observed
for canonical a-helices. Percent helicity is calculated from the
ratio [h]222/[h]max, where [h]max = −23 400 for 10-residue a-helices.3


Table 1 also shows the ratio of the 222 nm and 208 nm bands,
which is occasionally used as an additional gauge of a-helicity.
However, the origin and effect of peptide sequence on this ratio
remains ill-defined.16 Nevertheless, we were pleased to observe that
the ratios of the 222 nm and 208 nm bands in the HBS a-helices are
close to the values (1.25–1.75) expected for canonical a-helices.17


The CD studies show that HBS analogs 3c and 4c containing
14-membered macrocycles are significantly less helical than their


Fig. 3 Circular dichroism spectra of (a) 1 (black), 3a (red), 3b (green), 3c
(pink), 3d (blue) and (b) 2 (black), 4a (red), 4b (green), 4c (pink), 4d (blue).
The CD spectra were obtained in 10% TFE–PBS.
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Table 1 Summary of circular dichroism data for peptides 1 and 2 and
HBS a-helices 3a–d and 4a–d


Helix Buffer [h]222/[h]208 Helicity (%)a


1 PBS 0.41 14
10% TFE–PBS 0.65 20


3a PBS 1.17 46
10% TFE–PBS 1.40 68


3b PBS 1.79 46
10% TFE–PBS 1.71 66


3c PBS 0.87 24
10% TFE–PBS 1.19 36


3d PBS 0.94 23
10% TFE–PBS 1.55 36


2 PBS 0.08 6
10% TFE–PBS 0.25 13


4a PBS 0.82 32
10% TFE–PBS 1.29 48


4b PBS 0.87 31
10% TFE–PBS 1.25 43


4c PBS 0.81 26
10% TFE–PBS 1.17 34


4d PBS 0.94 28
10% TFE–PBS 1.17 34


a Percent helicity was measured from the ratio [h]222/[h]max, where [h]max =
−23 400.3


13-membered ring analogues 3a and 4a. These results are consis-
tent with the hypothesis that the macrocycle which most closely
mimics the 13-membered hydrogen-bonded a-turn in canonical a-
helices should afford the most stable artificial a-helix. Interestingly,
the CD studies suggest that the hydrogenated and trans-alkene
HBS helices are similar in overall helicity (Fig. 3 and Table 1). The
two sets of CD spectra are superimposable except for the 208 nm
bands, which are less negative in the hydrogenated series. This
result is significant as it indicates that a saturated hydrocarbon
link may be sufficient to nucleate an a-helix.


Characterization by NMR spectroscopy


We were surprised to find that hydrogenation of the alkene did
not effect the stability of these artificial helices. These CD studies
provide important insights into the overall conformation of the
oligomer but do not offer detailed information about the peptide
structure. To learn about the behavior of individual residues in
3b in comparison to 3a, we performed comprehensive NMR


experiments. The goal of these studies is to determine how a
small change in the nucleation macrocycle may affect the helicity
of the peptide several residues away from the macrocycle. NMR
spectroscopy allows several different means for gauging a-helical
structure in peptides including evaluation of key medium and long
range NOEs, coupling constants and φ angle values, temperature-
dependence of amide NH chemical shifts, and rates of amide
proton exchange.18 We used all these experiments to probe the
structure of 3b as compared to 3a.3 The NMR studies fully support
the CD data and unambiguously suggest that both 3a and 3b
adopt defined a-helical structures and that the alkene-based HBS
a-helix is only slightly superior to the hydrogenated analog in helix
stability.


A combination of 2D TOCSY, DQF-COSY and NOESY
spectroscopy was used to assign 1H NMR resonances for the
HBS helices.18 The NOESY spectra of 3a and 3b show remarkable
similarity; this similarity is also captured in the correlation charts
for 3a and 3b (Fig. 4). Sequential NN (i and i + 1) NOESY cross-
peaks, a signature of helical structure, were observed for both
sequences as shown in the NOE correlation charts (Fig. 4). The
NOESY spectrum further reveals several nonsequential medium
range NOEs, for example, daN(i, i + 3), daN(i, i + 4) and dab(i,
i + 3), that provide unequivocal evidence for the helical structure
in 3b.


Table 2 summarizes the NMR results obtained for 3b and
compares them to those previously reported for 3a. The 3JNHCHa


coupling constant provides a measure of the φ angle and affords
intimate details about the local conformation in peptides and
proteins.18 The 3JNHCHa values typically range between 4–6 Hz
(−70 < φ < −30) for a-helices, and a series of three or more
coupling constants in this range are indicative of the a-helical
structure. As observed with 3a, all coupling constants and the φ


angles for 3b fall in the range expected for a-helical peptides with
the exception of coupling constants for residues at the termini (Q1
and Y10).


The amide proton chemical shift is temperature sensitive and
the magnitude of this shift is indicative of the extent to which the
particular amide proton is hydrogen-bonded.20 If an amide proton
exchanges slowly with a temperature coefficient more positive than
−4.5 ppb K−1, it is considered to be hydrogen-bonded. We find
that most amide temperature coefficients in helix 3b fall within the
range considered indicative of hydrogen-bonded amides and that


Table 2 Summary of NMR data for HBS helices 3a and 3b


Residues Q1 V2 R4 Q5 L6 A7 E8 I9 Y10


3JNH–CaH/Hz 3a 8.4 4.0 4.4 4.8 4.4 3.3 4.8 6.0 6.9
3b 9.1 3.3 5.9 4.8 4.4 3.3 5.1 6.2 6.6


Calculated φ/◦a 3a −95 −58 −62 −65 −62 −52 −65 −74 −81
3b −103 −52 −73 −65 −62 −52 −67 −76 −79


Temperature coefficient/ppb DK−1 3a −4.45 −8.88 2.70 −2.64 −5.69 −4.50 −2.98 −3.26 −5.85
3b −4.73 −7.94 2.30 −4.42 −5.66 −4.60 −2.83 −3.20 −3.68


H/D exchange constant x 10−5/s−1 3a 8.0 11.1 0.6 2.2 1.6 3.7 16.6 3.2 11.0
3b 80.7 27.0 1.1 ∼1.0 1.3 1.8 9.3 3.2 3.3


Protection factor (log kch/kex)b ,c 3a 1.64 1.13 2.94 2.62 2.09 1.90 1.60 1.94 1.13
3b 0.63 0.74 2.72 0.95 2.18 2.20 1.85 1.74 1.65


Stabilization, −DG/kcal mol−1b 3a 2.18 1.47 3.94 3.51 2.80 2.54 2.12 2.33 1.48
3b 0.69 0.88 3.64 3.96 2.92 2.95 2.47 2.33 2.20


a Calculated according to the Karplus equation.18,21 b Calculated using the spreadsheet at http://hx2.med.upenn.edu/download.html. c kex: measured
exchange rates, kch: intrinsic chemical exchange rate.
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Fig. 4 NOESY correlation charts and cross-sections of NOESY spectra for 3a (a, c) and 3b (b, d). The alanine-3 residues in both artificial helices
are N-alkylated. Filled rectangles indicate relative intensity of the NOE cross-peaks. Empty rectangles indicate NOE that could not be unambiguously
assigned because of overlapping signals.


the values are consistent with those observed with 3a (Fig. 5 and
Table 2).


Backbone amide hydrogen–deuterium exchange offers a sen-
sitive tool for examining protein structure and dynamics.22,23


The amide exchange rates for unstructured peptides in aqueous
solution are often too fast to measure; however if the amide
hydrogen is protected from exchange, i.e. through hydrogen
bonding, the exchange rates can slow down by several orders
of magnitude. Relative rate constants for the H–D exchange,
along with the temperature coefficients, provide important insights
regarding the involvement of individual amino acid residues
in intramolecular hydrogen bonds. Fig. 5b and 5d show H–D
exchange curves for helix 3a and 3b, respectively. The tabulated
exchange rates for 3a and 3b are shown in Table 2. The data in
Fig. 5 show that the individual hydrogen-exchange rates in these
helices can be determined precisely.24 The measured exchange rate
constants, kex, can be compared to the predicted intrinsic chemical


exchange rate constants, kch, for an unstructured peptide of the
same sequence, to assess individual protection factors (log kch/kex)
and the corresponding free energies of protection (DG). The
predicted intrinsic chemical exchange rates, protection factors, and
the free energy of protection were calculated using the spreadsheet
at http://hx2.med.upenn.edu/download.html, and are shown in
Table 2. The data indicate that HBS a-helices 3a and 3b contain a
highly stable hydrogen-bonded network with significant protection
factors and associated free energies of protection (0.7–3.9 kcal
mol−1).3 Such a degree of stabilization is typically observed for
buried amide protons in proteins but not in short peptides.10,25


Overall, the NMR studies confirm that hydrogenated analog 3b
adopts a stable a-helical structure very similar to the one observed
for 3a.


In summary, the circular dichroism and NMR results reported
here show that proper alignment of hydrogen bond donors and
acceptors is critical for the nucleation of stable a-helices, and
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Fig. 5 Temperature-dependent chemical shifts (a, c) and hydrogen–deuterium exchange plots (b, d) for backbone amide protons in 3a and 3b.19


that the 13-membered macrocycle affords the optimum nucleation
template. We also find that the double bond (which formally
replaces a carbonyl group in the peptide chain) in the nucleation
macrocycle can be hydrogenated while retaining helix stability.
This result will allow us to utilize the alkene group as a synthetic
handle for N-terminal functionalization of the HBS a-helices.


HBS a-helices and classical helix-coil parameters


Formation of stable helical structures from disordered polypep-
tides depends on two parameters: r which reflects helix nucleation
and s which describes propagation.4,5,26 The nucleation constant
which refers to the organization of three consecutive amino
acid residues in an a-turn is typically very low (10−3–10−4) in
unconstrained peptides, disfavoring helix formation.27,28 The intent
behind our hydrogen-bond surrogate approach was to afford
prenucleated helices such that r would be ∼1. Here we describe
preliminary studies to obtain a nucleation constant for HBS a-
helices based on the thermal stability of 3a and 3b. These studies


provide a rough estimation of the nucleation constant; detailed
studies aimed at deriving the nucleation constant in N- and
C-capped polyalanine helices will be described in due course.29


To estimate the nucleation constant, r, in HBS helices, the
thermal stabilities of 3a and 3b were investigated by monitoring
the temperature-dependent change in the intensity of the 222 nm
bands in the CD spectra (Fig. 6a). We observe a gradual increase
in the signal intensity at 222 nm with temperature, which indicates
helix unwinding at high temperatures. Nevertheless, we find that
HBS helices show a remarkable degree of thermal stability as the
two peptides retain roughly 70% of their maximum CD signal
at 85 ◦C. Although the HBS helices are conformationally stable
at high temperatures, they can be denatured with concentrated
guanidinium chloride.2 CD spectroscopy indicates that HBS helix
3a retains only 25% of its maximum helicity in 8 M GuHCl
(Supplementary Information, Figure S18†). We attribute the CD
signal at 8 M GuHCl ([h]222 = −4500) to the contribution of
the nucleation macrocycle to the overall CD spectra. All CD
studies were performed at 100 lM peptide concentrations. Fig. 6b
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Fig. 6 (a) Effect of temperature on the stability of HBS a-helices 3a and 3b. (b) Concentration dependence of mean residue ellipticity of HBS helices
at 25 ◦C. The CD spectra were obtained in 10% TFE–PBS. (c) Normalized thermal denaturation curves for HBS helices. (d) Comparison of theoretical
denaturation curves as a function of different nucleation constant, r, values with the normalized experimental denaturation curve. The theoretical curves
were obtained by simulating eqn (1) and (2).


shows the effects of peptide concentration on the mean residue
ellipticity and suggests that HBS helices are not aggregating in the
50–300 lM concentration range.


f = r |sm − 1|
s − 1 + r |sm − 1| (1)


s = s0 exp
[


DH
RT0


− DH
RT


]
(2)


To ascertain the effect of temperature on the fractional helicity
of the compounds, we normalized the temperature denaturation
curves in Fig. 6a such that the [h]222 value at 5 ◦C for each peptide
was assigned as the maximum fractional helicity value for that
peptide (Fig. 6c). These experimental denaturation curves can
be compared with the plots of fractional helicity as a function
of temperature at various theoretical r values (Fig. 6d). These
plots were obtained by simulating eqn (1) which represents a
simplified version of the Zimm–Bragg model for a helix that can
only denature in one direction (Supplementary Information†).30


Fractional helicity can then be correlated with the propagation
parameter, s, and temperature through eqn (2), as propagation
is largely an entropic phenomenon.31 The enthalpic contribution
(DH) to helix formation was set to a value of −1000 cal mol−1 in
eqn (2).32 In these calculations we utilized a value of s0 = 1 at T 0 =
277 K to estimate a nucleation constant for these heteropolymers; v


is the number of residues in the peptide beyond the macrocycle. The
simulations in Fig. 6d agree with the theory and experiments that
for a low r value, helicity is highly dependent on temperature but
that the helix is less perturbed as a function of temperature at high
r values. Comparison of the experimental thermal denaturation
curves with the simulation suggests that the nucleation constant,
r, is close to unity in HBS helices (Fig. 6c,d).


f = msm+1 − msm + s
m (sm − 1) (s − 1)


(3)


The broad melting transition in HBS helices is consistent with
r = 1.33 This r value (and the broad transition) implies a
noncooperative case in which each unit behaves independently.
This situation suggests that the helix–coil transition does not
depend on the value of r. This reasoning led us to consider
transition in HBS helices with a modified Ising model in which
one end is always locked in the helix state. A complete discussion
on this subject is presented in the Supplementary Information†.
For this modified case, we can use eqn (3) to define fraction helicity
as a function of temperature. Fig. 7 compares the simulated curve
from eqn (3) to the experimental denaturation curve for helix 3a
and suggests that HBS helices are good models for an oligomer
that is locked in a helical conformation at one end.


This helix–coil analysis suggests that HBS helices would provide
a unique opportunity to obtain propagation constants for amino
acids in pre-nucleated helices. Determination of propagation
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Fig. 7 Comparison of HBS helices to a theoretical oligomer with one
end always locked in the helix state (eq. 3). The experimental denaturation
curve of HBS helices agrees well with the simulated curve from eq. 3.


values in simple, nucleated and well-defined a-helices would signif-
icantly enhance our understanding of peptide and protein folding,
and has been a long-term goal of several research groups.16,34–36 We
are in the process of determining these propagation values in HBS
helices; the results of these studies will be reported in due course.


Conclusions


This manuscript outlines our continuing efforts to prepare well-
defined short a-helices as potential tools in disruption of biomolec-
ular interactions and as well-defined probes for examining the
biophysics of helix formation. Evaluation of several different
nucleation templates suggests that the hydrogen-bond surrogate-
based macrocycle that most closely resembles the 13-membered
hydrogen-bonded ring in canonical a-helices is optimum in these
artificial helices. This article also described our initial efforts to
characterize HBS helices in terms of classical helix–coil param-
eters. We find that these artificial a-helices mimic the theoretical
properties of a peptide with a well-defined and stable helix nucleus.


Experimental


General


Commercial-grade reagents and solvents were used without
further purification except as indicated. All Fmoc amino acids,
peptide synthesis reagents, and Rink Amide MBHA resin were
obtained from Novabiochem (San Diego, USA). All other reagents
were obtained from Sigma-Aldrich (St. Louis, USA). Reversed-
phase HPLC experiments were conducted with 4.6 × 150 mm
(analytical scale) or 21.4 × 150 mm (preparative scale) Waters
C18 Sunfire columns using a Beckman Coulter HPLC equipped
with a System Gold 168 Diode array detector. The typical flow
rates for analytical and preparative HPLC were 1 mL min−1 and
8 mL min−1, respectively. In all cases, 0.1% aqueous trifluoroacetic
acid and acetonitrile buffers were used. Proton and carbon NMR
spectra of monomers were obtained on a Bruker AVANCE
400 MHz spectrometer. Proton NMR spectra of HBS peptides
were recorded on a Bruker AVANCE 500 MHz spectrometer.
High-resolution mass spectra (HRMS) were obtained on a
LC/MSD TOF (Agilent Technologies). LCMS data was obtained
on an Agilent 1100 series LC/MSD (XCT) electrospray trap.


Synthesis of HBS a-helices


Detailed synthetic procedures and characterization of HBS
helices and intermediates are reported in the Supplementary
Information.†


CD spectroscopy


CD spectra were recorded on an AVIV 202SF CD spectrometer
equipped with a temperature controller using 1 mm length cells
and a scan speed of 5 nm min−1. The spectra were averaged
over 10 scans with the baseline subtracted from analogous
conditions as those for the samples. The samples were prepared
in phosphate buffered saline (2 mM phosphate, 27 mM sodium
chloride and 0.5 mM potassium chloride, pH 7.4), containing
0%–10% trifluoroethanol, with a final peptide concentration of
100 lM. The concentrations of unfolded peptides were determined
by UV absorption of the tyrosine residue at 275 nm in 6.0 M
guanidinium hydrochloride aqueous solution. The helix content
of each peptide was determined from the mean residue CD at
222 nm, [h]222 (deg cm2 dmol−1) corrected for the number of amino
acids. Percent helicity was calculated from the ratio [h]222/[h]max,
where [h]max = (−44 000 + 250T)(1 − k/n) = −23 400 for k = 4.0
and n = 10 (number of amino acid residues in the peptide).3,12,37


Temperature dependent amide proton chemical shift measurements


All experiments were carried out on a Bruker AVANCE 500 MHz
spectrometer equipped with an inverse TXI probe and 3D gradient
control. Samples of peptide 3a and 3b were prepared by dissolving
2 mg peptide in 450 lL PBS buffer, 30 lL D2O and 120 lL TFE-d3,
and adjusting the pH of the solution to 3.5 by adding 1 M HCl.
The 1D proton spectra or 2D TOCSY spectra (when overlapping
is severe) were employed to read the chemical shifts of the amide
protons. Solvent suppression was achieved with a 3919 Watergate
pulse sequence. The temperature ranged from 5 ◦C to 45 ◦C
at 5 ◦C intervals. At each temperature, the sample was allowed
to equilibrate for 15 minutes. The temperature was calibrated
precisely by measurement of peak separation in 100% methanol
(<30 ◦C) or 80% ethylene glycol in DMSO (>30 ◦C). The chemical
shifts were calibrated with internal standard tetramethylsilane
(TMS).


2D NMR spectroscopy


Spectra of peptide 3a and 3b (samples prepared as described
above) were recorded on a Bruker Avance 500 at 20 ◦C. All 2D
spectra were recorded by collecting 4092 complex data points in
the t2 domain by averaging 64 scans and 256 increments in the
t1 domain with the States-TPPI mode. All TOCSY experiments
are performed with a mixing time of 80 ms on 6000 Hz spin lock
frequency, and all NOESY with a mixing time of 200 ms. The
data were processed and analyzed using the Bruker TOPSPIN
program.38 The original free induction decays (FIDs) were zero-
filled to give a final matrix of 2048 by 2048 real data points. A 90◦


sine square window function was applied in both dimensions.


Amide H–D exchange study


Lyophilized samples of peptides 3a and 3b from the above
experiments were dissolved in 600 lL of D2O–TFE-d3 mixture
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(80 : 20) to initialize the H–D exchange. The pH of the solution
was confirmed. Spectra were recorded on a pre-shimmed Bruker
AVANCE 500 MHz spectrometer. The recorded temperature was
20 ◦C both inside and outside the probe. The dead time was ca.
2 minutes. The intensity changes for each amide proton were
determined by monitoring either the HN peaks on 1D spectra
or the cross-peaks between HN and Ha on 2D TOCSY spectra
when overlapping was severe. The peak height data were fit into
one phase exponential equation to get the exchange rate constants
using GraphPad Prism 4.0 program.39
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Various dihydrobenzo[f ][1,4]oxazepin-5-ones have been convergently prepared in 2–3 steps by coupling
Ugi and Mitsunobu reactions. Two alternative methodologies were used: in the first one the Ugi
condensation was followed by a Mitsunobu cyclization (2 steps); in the second one an intermolecular
Mitsunobu reaction was followed by a deprotection step and then by an intramolecular Ugi reaction.
Also a “convertible” isocyanide was used.


Introduction


Multicomponent reactions1 are a powerful tool for the generation
of collections of molecules; they are extremely convergent and
produce a remarkably high increase of molecular complexity in just
one step. When the components may be varied at will, they can also
be defined as “multi diversity generation reactions,” introducing
three or more points of diversity in a single step. Among MCRs,
those based on the peculiar reactivity of isocyanides, such as the
Ugi2 and the Passerini3 reactions, have been among the most
widely used, also in an industrial context.4 While the classical
versions of these reactions lead to acyclic adducts, interesting drug-
like heterocyclic structures may be accessed by intramolecular
variants or by coupling the MCR with a subsequent secondary
transformation, taking advantage of additional functionalities
suitably placed on one or two of the components.5 In the last years
our group has reported new convergent syntheses of heterocycles
through this type of approach.6–10


As a continuation of this project, we now report two alternative,
quite short (2 or 3 steps), routes to synthesize various dihy-
drobenzo[f ][1,4]oxazepin-5-ones 5, decorated with three points
of diversity. Despite their similarity with the very common benzo-
1,4-diazepin-5-one scaffolds, these fused heterocycles have been so
far explored only rarely,11 probably because of the lack of a general
method for the convergent preparation of highly substituted
derivatives.


The general strategy exploited by us involves coupling of the
well known Ugi reaction with a Mitsunobu substitution.12 Two
alternative routes may be devised: in the first one (A) the Ugi MCR
is carried out first, followed by an intramolecular Mitsunobu,
whereas in the second one (B) an intermolecular Mitsunobu is
followed by an intramolecular Ugi (Scheme 1).


Results and discussion


As first model for route A, we chose compound 5a (see Table 1).
In this and in the other reactions described below we always
preformed the imine by mixing equimolar quantities of aldehyde
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Scheme 1


and ethanolamine in Et2O in the presence of molecular sieves.
In the case of aliphatic aldehydes, the imine was actually in
equilibrium with the isomeric oxazolidine. For instance, using iso-
butyraldehyde, the ratio oxazolidine–imine was 83 : 17 (NMR).


The Ugi condensation of this imine with salicylic acid, and
cyclohexyl isocyanide proceeded smoothly to afford in good yields
the desired adduct 4a, without the need to protect the additional
functionalities (an alcoholic and a phenolic moiety). Actually, by
using O-protected ethanolamine or salicylic acid (or both) the
yield of the Ugi reaction turned out to be even lower. It should
be noted that in this multicomponent condensation, 6 different
functional groups are present simultaneously in the same pot!


The following intramolecular Mitsunobu turned out to be clean
(no significant by-product formed), but a substantial recovery
of starting material 4, even after prolonged reaction times, was
observed. We believe that the reaction is indeed fast and that the
recovered starting material derives from decomposition, during


4236 | Org. Biomol. Chem., 2006, 4, 4236–4240 This journal is © The Royal Society of Chemistry 2006







Table 1 Synthesis of dihydrobenzo-1,4-oxazepin-5-ones 5 via coupling of Ugi and Mitsunobu reactionsa


Route A Route B


Benzoxazepinone R1 R2 R3 Yield of 4 Yield of 5 Yield of 8 Yield of 5


5a H iPr cyHex 81% 65% 69% 61%
5b H iBu cyHex 51% 57%
5c H iPr nBu 74% 34%
5d H 3-MeOC6H4 cyHex 67% 84% 69% 45%
5e H iPr 53% 44% 69% 81%


5f H 3-MeOC6H4 −CH2CO2tBu 66% 79%
5g 3-Cl Ph cyHex 63% 88%
5h 3-Cl 4-Pyridyl cyHex 64% 63%
5i 3-MeO 3-MeOC6H4 cyHex 55% 86%
5l 3-NO2 3-MeOC6H4 tBuCH2C(CH3)2– 55% 45%
5m H Ph < 10% — 69% 77%


a Yields are of isolated products after chromatography and do not take into account the recovered starting materials.


the work-up, of an hydrolytically unstable side-product. Hypothe-
ses on the mechanism of this and other related intramolecular
Mitsunobu reactions will be reported in future papers. After a
thorough optimization (changing solvent, phosphine, azodicar-
boxylate and using various additives), we found that best results
could be achieved using DEAD (diethyl azodicarboxylate) in
the presence of Et3N. Although some starting material was still
present, the isolated yield was a satisfactory 65%. Triphenylphos-
phine and tributylphosphine gave comparable results.


The scope of the methodology was then explored, on varying
the aldehyde, the isocyanide, and the salicylic acid (Table 1). This
2-step protocol was found to be successful in nearly all cases
tested (5m being an exception), using salicylic acids with electron-
withdrawing or electron-donating substituents, aliphatic, aromatic
or heteroaromatic aldehydes, together with either unbulky, bulky
or even functionalized isocyanides. Although the yields were in
some cases only moderate, purification by chromatography of the
product was quite easy, since the starting material, triphenylphos-
phine oxide, and diethyl hydrazinodicarboxylate are all more polar
and well separated.


We also tested route B, that proved to be successful too
(Scheme 1) (DBAD = di-tert-butyl azodicarboxylate). It requires
3 steps instead of 2, since two of the functions that participate
in the intramolecular Ugi reaction, temporarily blocked during
the previous Mitsunobu substitution, have to be deprotected.
Anyway this strategy turned out to afford, in some cases, better
overall yields. Moreover the introduction of two diversity inputs
only in the last step may be an advantage from the point of
view of combinatorial synthesis. Although the intramolecular
Ugi reaction of amino acids are well known,13–15 this is, to our
knowledge, the first example of such a reaction forming a seven-
membered ring. One should take into account that, according
to the accepted mechanism of the Ugi reaction,1 the final seven-
membered ring should derive from contraction of a ten-membered
intermediate, that was expected to be not easily formed, both for
entropic and enthalpic reasons. The best results were achieved with


CF3CH2OH as the solvent (0.2 M solution of substrate) without
the need to use high dilution conditions.


Among the isocyanides employed, there are also two “convert-
ible” isocyanides (see compounds 5e and 5m).16,17 Their use allows
in principle the production of dihydrobenzo[f ][1,4]oxazepin-5-
ones bearing an acid or ester moiety. This possibility was
demonstrated, in the case of 5e, by its high yield conversion into
methyl ester 9 (Scheme 2).16


Scheme 2


Conclusion


In conclusion the presented methodology represents a new,
useful and very convergent entry into a variety of dihy-
drobenzo[f ][1,4]oxazepin-5-ones 5, decorated with 3 points of
diversity. They may be obtained in just 2 or 3 simple steps starting
from commercially available substrates, with a remarkably high
increase of structural complexity. Since the obtained scaffolds are
endowed with drug-like features, we think that libraries based on
them will prove useful in the drug discovery process.


Experimental


NMR spectra were usually taken in CDCl3 at 300 MHz (1H), and
75 MHz (13C), using TMS as internal standard for 1H NMR and
the central peak of CDCl3 (at 77.02 ppm) for 13C NMR. When
specified, they were taken in d6-DMSO. In that case the central
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peak of DMSO (at 2.506 for 1H and at 39.429 ppm for 13C) was
taken as a reference. Chemical shifts are reported in ppm (d scale),
coupling constants are reported in hertz. Peak assignments were
made with the aid of DEPT, gCOSY and gHSQC experiments.


IR spectra were measured with a Perkin-Elmer 881 instrument
as CHCl3 solutions.


GC-MS were carried out on a HP-5971A instrument, using an
HP-1 column (12 m long, 0.2 mm wide), electron impact at 70 eV,
and a mass temperature of about 170 ◦C. Only m/z > 33 were
detected. All analyses were performed with a constant He flow
of 0.9 ml min−1 with an initial temperature of 100 ◦C, initial time
2 min, rate 20 ◦C min−1, final temperature 260 ◦C, final time 4 min,
injection temperature 250 ◦C, detector temperature 280 ◦C. Rt are
in min. Melting points were measured on a Büchi 535 apparatus
and are uncorrected. TLC analyses were carried out on silica gel
plates and developed at UV. Rf were measured after an elution of
7–9 cm. Chromatography was carried out on 220–400 mesh silica
gel using the “flash” methodology. Petroleum ether (40–60 ◦C) is
abbreviated as PE.


Typical procedure for the synthesis of Ugi products 4: compound 4a


Imine preparation. A solution of isobutyraldehyde (5 mL,
54.8 mmol) in dry diethyl ether (50 mL) was treated, at r.t., with
ethanolamine (3.30 mL, 54.8 mmol) and powdered 4 Å molecular
sieves (10 g). After 1 h the mixture was filtered and the filtrate
distilled at 250–300 mbar first and then at 34 mbar to give the
pure imine as a colorless liquid (3.892 g, 62%) (b.p. 60–64 ◦C at 34
mbar).


Ugi reaction. A solution of the imine (533 mg, 4.63 mmol) in
dry MeOH (5 mL) was treated with 3 Å powdered mol. sieves
(300 mg), salicylic acid (533 mg, 3.86 mmol), and cyclohexyl
isocyanide (400 lL, 3.22 mmol). After stirring for 48 h at r.t., the
solution was evaporated to dryness and chromatographed through
220–400 mesh silica gel (PE–acetone 7 : 3) to give pure 4a as a foam
(941 mg, 81%).


Ugi adducts were checked with 1H and 13C NMR. However, due
to the presence of slowly converting conformers, the spectra were
rather complex. Only at 120 ◦C a nearly complete coalescence
was observed, but some peaks still remained rather broad. Full
characterization was therefore better performed at the stage of
dihydrobenzo[f ][1,4]oxazepin-5-ones 5.


Typical procedure for the intramolecular Mitsunobu: compound 5a


A solution of 4a (150 mg, 0.414 mmol) in dry CH2Cl2 (5 mL)
was cooled to 0 ◦C, and treated with PPh3 (177 mg, 0.675 mmol),
Et3N (115 lL, 0.83 mmol), and diethyl azodicarboxylate (DEAD)
(98 lL, 0.62 mmol). After 1 h at 0 ◦C the solvent was evaporated
and the crude product immediately chromatographed through
220–400 mesh silica gel (PE–acetone 8 : 2 to give the pure product
5a (93 mg, 65%).


Synthesis of compound 8


A solution of benzyl salicylate (749 mg, 3.28 mmol) and N-Cbz-
ethanolamine (640 mg, 3.28 mmol) in dry CH2Cl2 (5 mL) was
cooled to 0 ◦C and treated with Et3N (914 lL, 6.56 mmol), PPh3


(1.46 g, 5.58 mmol) and di-tert-butyl azodicarboxylate (1.33 g,


5.58 mmol). After 2.5 h at 0 ◦C, the solvent was evaporated and
the oily residue chromatographed through 220–400 mesh silica gel
(PE–AcOEt 7 : 3) to give the pure diprotected coupled product
(1.12 g, 84%). It was taken up in MeOH (10 mL) and water
(0.40 ml) and hydrogenated over 10% Pd–C (50 mg) at r.t. and
normal pressure. After filtration and evaporation, the amino acid
8 was obtained as a solid (410 mg, 82%) and used as such for the
subsequent intramolecular Ugi reaction.


Typical procedure for the intramolecular Ugi reaction to give 5:
compound 5a


Amino acid 8 (149.1 mg, 0.823 mmol) was taken up in CF3CH2OH
(5.4 mL), treated with powdered 3 Å mol. sieves, and treated with
isobutyraldehyde (88 lL, 0.964 mmol) and cyclohexyl isocyanide
(132 lL, 1.06 mmol). After stirring at r.t. for 48 h, the mixture
was evaporated to dryness and chromatographed to give pure 5a
(172 mg, 61%).


Analytical data for dihydrobenzo[f ][1,4]oxazepin-5-ones 5


Compound 5a. 1H NMR (CDCl3): d 0.93 [3 H, d, CH3, J 6.6];
1.01 [3 H, d, CH3, J 6.6];1.04–1.42 [5 H, m, cyclohexyl]; 1.50–
1.96 [5 H, m, cyclohexyl]; 2.31 [1 H, d of septuplet, CH(CH3)2, Jd


11.1, J s 6.6]; 3.67 [2 H, t, CH2N, J 5.1]; 3.74 [mc, 1 H, m, CHN
cyclohexyl]; 4.22–4.39 [2 H, m, CH2O]; 4.67 [1 H, d, iPrCHN, J
11.1]; 6.09 [1 H, broad s, NH]; 7.01 [1 H, dd, H ortho to O, J 0.9,
8.1]; 7.16 [1 H, dt, H para to O, Jd 1.2, J t 7.5]; 7.43 [mc, 1 H, m,
H para to C=O]; 7.78 [1 H, dd, H ortho to C=O, J 1.8, 8.1]. 13C
NMR (CDCl3): d 19.76, 19.47 [CH3]; 24.68, 24.76, 25.43, 32.61,
32.86 [cyclohexyl CH2]; 26.89 [CH(CH3)2]; 42.16 [CH2N]; 48.22
[CHN cyclohexyl]; 63.30 [broad, CHN]; 73.78 [CH2O]; 121.40
[CH ortho to O]; 123.49 [CH para to O]; 127.04 [C–C=O]; 130.97
[CH ortho to C=O]; 133.05 [CH para to C=O]; 153.81 [C–O];
168.97, 169.85 [C=O]. Rf 0.64 (PE–acetone 7 : 3). Found: C, 69.9;
H, 8.2; N, 8.0%. C20H28N2O3 requires: C, 69.74; H, 8.19; N, 8.13%;
IR: mmax 3006, 1666, 1628, 1458, 1042 cm−1.


Compound 5b. 1H NMR (d6-DMSO): d 0.91 [3 H, d, CH3,
J 6.3]; 0.93 [3 H, d, CH3, J 6.3]; 1.04–1.45 [5 H, m, cyclohexyl];
1.50–1.80 [8 H, m, cyclohexyl and CH2CH(CH3)2]; 3.47–3.70 [3
H, m, CH2N and CHN cyclohexyl]; 4.19–4.36 [2 H, m, CH2O];
5.21 [1 H, d, iBuCHN, J 7.6]; 7.03 [1 H, d, H ortho to O, J 8.1];
7.18 [1 H, t, H para to O, J 7.2]; 7.47 [mc, 1 H, m, H para to C=O];
7.66 [1 H, dd, H ortho to C=O, J 1.5, 8.0]; 8.03 [1 H, d, NH, J
7.8].


1H NMR (CDCl3): d 0.96 [3 H, d, CH3, J 6.6]; 0.98 [3 H, d,
CH3, J 6.6]; 1.04–1.42 [5 H, m, cyclohexyl]; 1.50–1.95 [8 H, m,
cyclohexyl and CH2CH(CH3)2]; 3.48–3.64 [2 H, m, CH2N]; 3.73
[mc, 1 H, m, CHN cyclohexyl]; 4.19–4.37 [m, 2 H, CH2O]; 5.22 [1
H, t, iBuCHN, J 7.4]; 6.16 [1 H, d, NH, J 7.8]; 7.02 [1 H, dd, H
ortho to O, J 1.2, 8.1]; 7.18 [1 H, dt, H para to O, Jd 1.2, J t 7.5];
7.44 [mc, 1 H, m, H para to C=O]; 7.79 [1 H, dd, H ortho to C=O,
J 1.8, 7.8]. 13C NMR (d6-DMSO): d 21.93, 22.81 [CH3]; 24.49
[CH(CH3)2]; 24.57, 24.59, 25.11, 32.08, 32.14 [cyclohexyl CH2];
26.89 [C(CH3)2]; 38.40 and 41.68 [CH2N and CH2CH(CH3)2];
47.61 [CHN cyclohexyl]; 53.93 [CHN]; 73.96 [CH2O]; 121.21 [CH
ortho to O]; 123.19 [CH para to O]; 127.45 [C–C=O]; 130.77 [CH
ortho to C=O]; 132.77 [CH para to C=O]; 153.33 [C–O]; 168.06,
169.37 [C=O]. Rf 0.38 (PE–AcOEt 7 : 3). Found: C, 70.5; H, 8.5;
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N, 7.7%. C21H30N2O3 requires: C, 70.36; H, 8.44; N, 7.81%; IR:
mmax 3002, 1665, 1627, 1458, 1192, 1037 cm−1.


Compound 5c. 1H NMR (CDCl3): d 0.88 [3 H, t, CH3CH2, J
7.2]; 0.95 [3 H, d, CH3, J 6.9]; 1.00 [3 H, d, CH3, J 6.3]; 1.24–1.38
[2 H, m, CH2]; 1.40–1.52 [2 H, m, CH2]; 2.31 [1 H, d of septuplet,
CH(CH3)2, Jd 11.1, J s 6.6]; 3.13–3.33 [2 H, m, CH2NH]; 3.61–3.77
[2 H, m, CH2N]; 4.27 [1 H, ddd, CHHO, J 4.8, 6.3, 11.1]; 4.35 [1 H,
ddd, CHHO, J 4.5, 5.1, 11.1]; 4.73 [1 H, d, iPrCHN, J 10.8]; 6.48 [1
H, broad s, NH]; 7.02 [1 H, dd, H ortho to O, J 1.1, 8.2]; 7.16 [1 H,
dt, H para to O, Jd 1.1, J t 7.6]; 7.43 [mc, 1 H, m, H para to C=O];
7.77 [1 H, dd, H ortho to C=O, J 1.7, 7.6]. 13C NMR (CDCl3):
d 13.66 [CH3CH2]; 18.81, 19.44 [(CH3)2CH]; 19.95 [CH2]; 27.00
[CH(CH3)2]; 31.36 [CH2]; 39.07 [CH2NH]; 42.18 [CH2N]; 63.19
[broad, CHN]; 73.83 [CH2O]; 121.46 [CH ortho to O]; 123.51
[CH para to O]; 127.11 [C–C=O]; 130.93 [CH ortho to C=O];
133.07 [CH para to C=O]; 153.83 [C–O]; 169.87, 169.90 [C=O].
Rf 0.52 (PE–acetone 75 : 25). Found: C, 68.05; H, 8.4; N, 8.75%.
C18H26N2O3 requires: C, 67.90; H, 8.23; N, 8.80; O, 15.07%; GC-
MS: Rt 9.66; m/z 318 (M+, 10.1); 276 (3.6); 246 (5.2); 245 (13.8);
219 (36.1); 218 (100.0); 203 (5.6); 176 (10.0); 163 (7.1); 156 (5.5);
146 (24.5); 142 (6.2); 121 (20.5); 120 (9.4); 98 (28.8); 92 (9.7); 82
(6.7); 65 (7.9); 57 (13.0); 56 (10.5); 55 (30.3); 54 (7.6); 44 (7.2); 43
(7.5); 42 (14.3); 41 (22.4).


Compound 5d. 1H NMR (CDCl3): d 1.05–1.45 [4 H, m,
cyclohexyl]; 1.54–1.75 [2 H, m, cyclohexyl]; 1.89–2.03 [2 H, m,
cyclohexyl]; 3.52 [1 H, ddd, CHHN, J 3.6, 5.1, 15.9]; 3.63 [1 H,
ddd, CHHN, J 3.3, 7.8, 15.9]; 3.79 [3 H, s, OCH3]; 3.76–3.92 [2
H, m, CHN cyclohexyl and CHHO]; 4.26 [1 H, ddd, CHHO, J
3.9, 5.4, 11.1]; 6.06 [1 H, broad s, NH]; 6.44 [1 H, s, CHN]; 6.89
[1 H, dd, H ortho to OMe and meta to C, J 2.1, 8.1]; 6.95–7.04
[3 H, m, H ortho to O and meta to C=O + H ortho to OMe and
C + H para to OMe]; 7.15 [1 H, dt, H para to O and meta to
C=O, Jd 1.2, J t 7.5]; 7.30 [1 H, t, H meta to OMe, J 7.8]; 7.42
[mc, 1 H, m, H para to C=O]; 7.83 [1 H, dd, H ortho to C=O,
J 1.5, 7.8]. 13C NMR (CDCl3): d 24.75, 24.81, 25.41, 32.72, 32.85
[CH2 cyclohexyl]; 43.71 [CH2N]; 48.65 [CHN cyclohexyl]; 55.30
[OCH3]; 60.25 [Ar–CHN]; 74.07 [CH2O]; 114.10 [C ortho to OMe
and para to C]; 114.43 [CH ortho to OMe and to C]; 121.16 and
121.40 [CH para to OMe and CH ortho to O]; 123.38 [CH para
to O]; 126.76 [C–C=O]; 129.95 [CH meta to OMe]; 131.36 [CH
ortho to C=O]; 133.06 [CH para to C=O]; 136.96 [C–C quat.];
154.09 [C–O]; 159.89 [C–OMe]; 168.26, 169.53 [C=O]. Rf 0.70
(PE–acetone 7 : 3). Found: C, 70.5; H, 7.0; N, 6.75%. C24H28N2O4


requires: C, 70.57; H, 6.91; N, 6.86%.


Compound 5e.


1H NMR (CDCl3): d 0.08 and 0.14 [2 × 3 H, 2 s, CH3Si]; 0.93 [9
H, s, C(CH3)3]; 1.01 [3 H, d, CH3CH, J 6.6]; 1.11 [3 H, d, CH3CH,
J 6.3]; 2.39 [1 H, d of septuplet, Jd 11.1, J s 6.6]; 3.66–3.82 [2 H,


m, CH2N]; 4.24–4.39 [2 H, m, CH2O of the ring]; 4.67 [1 H, d,
CHHOSi, J 12.9]; 4.80 [1 H, d, CHHOSi, J 12.6]; 4.92 [1 H, d,
CHN, J 11.1]; 7.01 [1 H, dd, H-3, J 0.6, 7.8]; 7.09 [1 H, dt, H-4′, Jd


0.9, J t 7.5]; 7.18 [1 H, dt, H-5, Jd 1.2, J t 7.2]; 7.20 [1 H, dd, H-3′,
J 1.8, 7.5]; 7.31 [1 H, dt, H-5′, Jd 1.8, J t 7.6]; 7.43 [1 H, dt, H-4, Jd


1.8, J t 7.7]; 7.80 [1 H, dd, H-6, J 1.5, 7.8]; 8.07 [1 H, d, H-6′, J 6.5];
9.07 [1 H, s, NH]. 13C NMR (CDCl3): d 5.36 and 5.26 [(CH3)2Si];
18.31 [C(CH3)3]; 18.93 and 19.57 [(CH3)2CH]; 25.90 [C(CH3)3];
27.48 [C(CH3)2]; 42.03 [CH2N]; 63.93 [CHN]; 64.46 [CH2OSi];
73.84 [CH2O of the ring]; 121.44 [C-3]; 122.12 [C-6′]; 123.64 [C-
5]; 124.43 [C-4′]; 127.42 [C-1]; 127.91 [C-3′]; 128.32 [C-5′]; 130.45
[C-1′ or C-2′]; 131.08 [C-6]; 132.99 [C-4]; 136.58 [C-1′ or C-2′];
153.78 [C-2]; 168.55 and 169.61 [C=O]. Rf 0.34 (PE–acetone 86 :
14). Found: C, 67.35; H, 7.9; N, 5.7%. C27H38N2O4Si requires: C,
67.18; H, 7.94; N, 5.80%.


Compound 5f. 1H NMR (CDCl3): d 1.46 [9 H, s, C(CH3)3];
3.50 [1 H, ddd, CHHN of the ring, J 3.8, 5.1, 16.0]; 3.64 [1 H, ddd,
CHHN of the ring, J 3.5, 8.0, 16.0]; 3.80 [3 H, s, OCH3]; 3.78–3.94
[2 H, m, tBuO2CCHHN + CHHO]; 4.08 [1 H, dd, tBuO2CCHHN,
J 5.7, 18.0]; 4.24 [1 H, ddd, CHHO, J 3.5, 5.1, 11.1]; 6.85–6.94
[2 H, m, NH and H-4′]; 6.97 [1 H, dd, H-3, J 0.8, 8.1]; 7.01–7.07
[2 H, m, H-2′, H-6′]; 7.14 [1 H, dt, H-5, Jd 0.9, J t 7.5]; 7.29 [1 H,
t, H-5′, J 8.2]; 7.41 [mc, 1 H, m, H-4]; 7.82 [1 H, dd, H-6, J 1.8,
7.8]. 13C NMR (CDCl3): d 27.97 [C(CH3)3]; 42.11 [CH2CO2tBu];
43.72 [CH2N]; 55.27 [OCH3]; 60.44 [Ar-CHN]; 73.95 [CH2O];
82.15 [C(CH3)3]; 114.41 [C-2′ and C-4′]; 121.28 [C-6′]; 121.39 [C-
3]; 123.36 [C-5]; 126.62 [C-1]; 129.91 [C-5′]; 131.37 [C-6]; 133.07
[C-4]; 136.39 [C-1′]; 154.12 [C-2]; 159.89 [C-3′]; 168.41, 169.47,
169.54 [C=O]. Rf 0.51 (CH2Cl2–AcOEt 8 : 2). Found: C, 65.65; H,
6.55; N, 6.3%. C24H28N2O6 requires: C, 65.44; H, 6.41; N, 6.36%.


Compound 5g. 1H NMR (CDCl3): d 1.05–1.45 [5 H, m,
cyclohexyl]; 1.54–1.78 [3 H, m, cyclohexyl]; 1.89–2.02 [2 H, m,
cyclohexyl]; 3.48 [1 H, ddd, CHHN, J 3.3, 5.4, 15.9]; 3.63 [1 H,
ddd, CHHN, J 3.3, 7.5, 15.9]; 3.78–3.92 [2 H, m, CHN cyclohexyl
+ CHHO]; 4.27 [1 H, ddd, CHHO, J 3.3, 5.4, 11.1]; 5.98 [1
H, d, NH, J 8.1]; 6.44 [1 H, s, ArCHN]; 6.92 [1 H, d, H-3, J
8.7]; 7.30–7.42 [5 H, m, CH phenyl + H-4]; 7.82 [1 H, d, H-6, J
2.7]. 13C NMR (CDCl3): d 24.77, 24.82, 25.41, 32.78, 32.89 [CH2


cyclohexyl]; 43.65 [CH2N]; 48.75 [CHN cyclohexyl]; 60.44 [Ar–
CHN]; 74.07 [CH2O]; 122.95 [C-3]; 127.69 [C-1]; 128.52, 128.70
[C-4′ and C-3]; 128.94, 129.06 [C-2′ and C-3′]; 131.09 [C-6]; 132.95
[C-4]; 135.23 [C-1′]; 152.71 [C-2]; 168.15, 168.18 [C=O]. The signal
of C-5 is probably covered by the signals of C-2′ and C-3′. Rf 0.61
(PE–acetone 8 : 2). Found: 66.8; H, 6.15; N, 6.7%. C23H25ClN2O3


requires: C, 66.90; H, 6.10; N, 6.78%.


Compound 5h. 1H NMR (CDCl3): d 1.05–1.45 [5 H, m,
cyclohexyl]; 1.54–1.76 [3 H, m, cyclohexyl]; 1.85–2.02 [2 H, m,
cyclohexyl]; 3.55 [1 H, ddd, CHHN, J 3.3, 6.9, 15.6]; 3.70 [1 H,
ddd, CHHN, J 3.3, 6.3, 15.6]; 3.83 [mc, 1 H, m, CHN cyclohexyl];
4.01 [1 H, ddd, CHHO, J 3.3, 6.3, 11.1]; 4.36 [1 H, ddd, CHHO,
J 3.3, 6.9, 11.1]; 6.58 [1 H, s, ArCHN]; 6.96 [1 H, d, H-3, J 8.4];
7.23–7.28 [3 H, m, NH + H-2′]; 7.38 [1 H, dd, H-4, J 2.7, 8.4];
7.76 [1 H, d, H-6, J 2.7]; 8.59 [2 H, d, H-3′, J 7.0]. 13C NMR
(CDCl3): d 24.75 (×2), 25.26, 32.53, 32.78 [CH2 cyclohexyl]; 43.82
[CH2N]; 48.75 [CHN cyclohexyl]; 58.86 [Ar–CHN]; 73.97 [CH2O];
123.07 [C-2′]; 123.15 [C-3]; 127.23 [C-1]; 128.63 [C-5]; 130.85
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[C-6]; 133.28 [C-4]; 144.72 [C-1′]; 150.27 [C-2′]; 152.69 [C-2];
166.80, 168.60 [C=O]. Rf 0.20 (PE–acetone 8 : 2). Found: C, 63.4;
H, 5.8; N, 9.9%. C22H24ClN3O3 requires: C, 63.84; H, 5.84; N,
10.15%.


Compound 5i. 1H NMR (CDCl3): d 1.00–1.42 [5 H, m,
cyclohexyl]; 1.50–1.75 [3 H, m, cyclohexyl]; 1.86–1.98 [2 H, m,
cyclohexyl]; 3.48–3.64 [2 H, m, CH2–N]; 3.66–3.90 [2 H, m, CHHO
and CHN cyclohexyl]; 3.77 [6 H, s, OCH3]; 4.15 [1 H, dt, CHHO,
Jd 10.5, J t 5.3]; 6.51 [1 H, s, ArCHN]; 6.67 [1 H, d, NH, J 7.8];
6.84–7.06 [5 H, m, H-2′, H-4′, H-3, H-4, H-6′]; 7.23 [1 H, d, H-
6, J 3.0]; 7.27 [1 H, t, H-5′, J 8.0]. 13C NMR (CDCl3): d 24.66,
24.71, 25.27, 32.50, 32.65 [CH2 cyclohexyl]; 43.46 [CH2N]; 48.45
[CHN cyclohexyl]; 55.12, 55.57 [OCH3]; 60.02 [Ar–CHN]; 74.16
[CH2O]; 113.84, 113.84, 114.32, 119.75, 121.04, 122.43 [C-2′, C-
4′, C-3, C-4, C-6′, C-6]; 128.09 [C-1]; 129.75 [C-5′]; 137.14 [C-1′];
147.59, 155.54, 159.73 [C-5, C-2, C-3′]; 168.26, 169.49 [C=O].
Rf 0.44 (PE–acetone 75 : 25). Found: C, 68.0; H, 7.0; N, 6.2%.
C25H30N2O5 requires: C, 68.47; H, 6.90; N, 6.39%.


Compound 5l. 1H NMR (CDCl3): d 0.98 [9 H, s, C(CH3)3];
1.44 and 1.49 [2 × 3 H, 2 s, C(CH3)2]; 1.57 [1 H, d, CHHtBu, J
14.7]; 1.94 [1 H, d, CHHtBu, J 14.7]; 3.53 [1 H, ddd, CHHN, J
1.8, 6.0, 16.2]; 3.75 [1 H, ddd, CHHN, J 1.8, 7.2, 16.2]; 3.80 [3
H, s, OCH3]; 4.21 [1 H, ddd, CHHO, J 1.8, 7.2, 12.0]; 4.52 [1 H,
ddd, CHHO, J 1.8, 6.0, 12.0]; 5.86 [1 H, s, NH, J 7.8]; 6.33 [1 H, s,
ArCHN]; 6.84–7.00 [3 H, m, H-2′, H-4′, H-6′]; 7.05 [1 H, d, H-3, J
9.0]; 7.32 [1 H, t, H-5′, J 8.0]; 8.21 [1 H, dd, H-4, J 3.0, 9.0]; 8.90 [1
H, d, H-6, J 2.7]. 13C NMR (CDCl3): d 29.50, 28.95 [(CH3)2CN];
31.44 [C(CH3)3]; 31.61 [C(CH3)3]; 44.25 [CH2N]; 52.19 [CH2tBu];
55.30 [OCH3]; 56.06 [(CH3)2CN]; 61.68 [Ar–CHN]; 73.96 [CH2O];
114.32, 114.59 [C-2′, C-4′]; 121.17 [C-6′]; 122.13 [C-3]; 123.56 [C-
1]; 127.72 [C-4]; 129.62 [C-6]; 130.20 [C-5′]; 136.21 [C-1′]; 142.35
[C-5]; 159.34, 160.07 [C-2, C-3′]; 166.52, 167.94 [C=O]. Rf 0.33
(PE–acetone 8 : 2). Found: C, 64.45; H, 6.95; N, 8.6%. C26H33N3O6


requires: C, 64.58; H, 6.88; N, 8.69%.


Compound 5m.


1H NMR (CDCl3): d 1.34 and 1.39 [2 × 3 H, 2 s, (CH3)2C]; 3.47
[1 H, ddd, CHHN, J 3.6, 8.7, 16.0]; 3.60 [1 H, ddd, CHHN, J
3.6, 8.4, 16.0]; 3.71 [3 H, s, OCH3]; 3.76 [1 H, ddd, CHHO, J
3.6, 8.4, 11.1]; 4.19 [1 H, ddd, CHHO, J 3.6, 5.4, 11.1]; 4.27 [1
H, d, CHHOC=O, J 10.8]; 4.42 [1 H, d, CHHOC=O, J 10.8];
6.56 [1 H, s, ArCHN]; 6.76 [1 H, s, NH, J 7.8]; 6.95 [1 H,
dd, H-3, J 0.9, 8.2]; 7.10 [1 H, dt, H-5, Jd 1.0, J t 7.7]; 7.30–
7.43 [6 H, m, H-4, H-2′, H-3′, H-4′]; 7.75 [1 H, dd, H-6, J 1.6,
7.7]. 13C NMR (CDCl3): d 23.61, 23.92 [(CH3)2C]; 43.46 [CH2N];
53.35 [C(CH3)2]; 54.60 [OCH3]; 60.37 [Ar–CHN]; 71.36 [CH2O
carbonate]; 73.81 [CH2O ring]; 121.14 [C-3]; 123.90 [C-4]; 126.55


[C-1]; 128.22 [C-4′]; 128.68, 128.78 [C-2′, C-3′]; 131.21 [C-6];
132.81 [C-4]; 135.43 [C-1′]; 153.86, 155.42 [C=O carbonate, C-
2]; 169.20, 169.26 [C=O]. Rf 0.29 (PE–acetone 8 : 2). Found: C,
64.85; H, 6.25; N, 6.5%. C23H26N2O6 requires: C, 64.78; H, 6.15;
N, 6.57%.


Compound 9. A solution of compound 5e (134.2 mg,
0.278 mmol) in dry MeOH (6 mL) was treated with 36%
aqueous HCl (600 lL) and stirred at room temperature for 45 h.
The solution was poured into saturated aqueous NaHCO3 and
extracted with AcOEt. Evaporation and chromatography (PE–
AcOEt 75 : 25) gave pure 9 as an oil (54.8 mg, 71%).


1H NMR (CDCl3): d 0.99 [3 H, d, CH3CH, J 6.6]; 1.04 [3 H, d,
CH3CH, J 6.6]; 2.21 [1 H, d of septuplet, Jd 10.8, J s 6.6]; 3.58–3.71
[2 H, m, CH2N]; 3.75 [3 H, s, OCH3]; 4.27–4.40 [2 H, m, CH2O];
5.17 [1 H, d, CHN, J 10.5]; 7.01 [1 H, dd, H-3, J 0.9, 8.1]; 7.16
[1 H, dt, H-5, Jd 1.2, J t 7.5]; 7.43 [1 H, dt, H-4, Jd 1.8, J t 7.7];
7.81 [1 H, dd, H-6, J 1.8, 78.1]. 13C NMR (CDCl3): d 19.10 and
19.41 [(CH3)2CH]; 28.81 [C(CH3)2]; 42.41 [CH2N]; 52.00 [CH3O];
61.41 [CHN]; 73.62 [CH2O]; 121.35 [C-3]; 123.67 [C-5]; 127.20
[C-1]; 131.28 [C-6]; 133.05 [C-4]; 153.70 [C-2]; 169.53 and 171.99
[C=O]. Rf 0.35 (PE–acetone (8 : 2). Found: C, 65.3; H, 7.15; N,
4.85%. C15H19NO4 requires: C, 64.97; H, 6.91; N, 5.05%. GC-MS:
Rt 8.21; m/z 277 (M+, 5.4); 234 (32.1); 230 (7.2); 218 (100.0); 174
(3.8); 163 (64.8); 146 (14.7); 135 (5.0); 121 (15.5); 120 (11.6); 114
(12.8); 98 (5.3); 92 (6.3); 59 (7.0); 55 (7.4).
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2 A. Dömling and I. Ugi, Angew. Chem., Int. Ed., 2000, 39, 3169–3210.
3 L. Banfi and R. Riva, Org. React., 2005, 65, 1–140.
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We report a convenient synthesis of 4-fluorocyclohexanoic
acid, and an insight into the rules governing acceptance of
starter acid analogues in the precursor-directed biosynthesis
of rapamycin.


Rapamycin is a potent immunosuppressant and also exhibits an-
tiproliferative and antitumour activity.1,2 The polyketide macrolide
was first isolated from a culture of Streptomyces hygroscopicus
NRRL 5491, obtained from a soil sample collected on Easter
Island (Rapa Nui).3


Due to its low level of nephrotoxicity,4 rapamycin is commonly
used for the treatment of patients undergoing renal transplan-
tation. However, due to rapamycin’s poor physiochemical prop-
erties there is continued interest in developing novel analogues
with improved pharmacological properties. A handful of total
syntheses of this challenging molecule have been reported.5 The
complexity and length of these syntheses preclude their use for
lead optimisation, and other strategies of accessing analogues have
been employed. Modification of the macrolide, by chemical and
enzymatic methods,6 and more recently through exploitation of
the natural biosynthetic pathway has been possible.7,8


Fig. 1 Rapamycin 1 and pre-rapamycin 1a.


Rapamycin is biosynthesised by a modular polyketide synthase
(PKS), that utilises (1R,4R,5R)-4,5-dihydroxycyclohex-1-ene
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carboxylic acid as a starter acid.9 It has previously been shown
that cyclohexane and cycloheptane carboxylic acid analogues of
the starter acid can be accepted by the polyketide synthase in
competition with the natural starter acid to produce a mixture of
rapamycins in a production culture.7 Notably, cyclohexane and
cycloheptane rings of rapamycins resulting from incorporation of
these starter acids are mono hydroxylated. Gregory et al. removed
genes rapKIJMNOQL from the rapamycin biosynthetic locus to
generate S. hygroscopicus (MG2-10), a mutant disrupted in the
biosynthesis, or regulation of the biosynthesis, of the starter acid
as well as the post-PKS modification of the macrolide. The mutant
is able to produce pre-rapamycin 1a when supplemented with
(1R*,3R*,4R*)-3,4-dihydroxycyclohexane carboxylic acid 2 or if
the gene rapK is re-introduced.10 Supplementation of this mutant
with cyclohexane carboxylic acid 3 results in the formation of
a rapamycin analogue bearing a 4-hydroxycyclohexane moiety,
whereas supplementation with cyclohex-1-ene carboxylic acid 4
leads to the generation of a rapamycin analogue bearing a 3-
hydroxycyclohexane moiety (Table 1).11 Crucially when supple-
mented with several commercially available starter acid analogues,
the equivalent pre-rapamycin analogue is produced in the absence
of pre-rapamycin itself.11 This is an ideal system to interrogate
both the apparent requirement for hydroxylation of the starter
acid prior to incorporation into the polyketide, and the breadth of
substrate specificity of the PKS in general. In order to determine
whether hydroxylation is indeed required we set out to synthesise
and feed a range of hydroxylated starter acid analogues, and steri-
cally similar starter acid analogues that could not be hydroxylated
due to the presence of electronegative fluorine substituents.


4-, 3- And 2-hydroxycyclohexane carboxylic acids 5, 6 and 7
were generated as a mixture of cis and trans isomers through
catalytic hydrogenation of their corresponding hydroxybenzoate
ethyl esters,12 followed by base catalysed hydrolysis. The resultant
hydroxylated cyclohexane carboxylic acids were administered at
a final concentration of 2 mM, as previously described11 to
cultures of S. hygroscopicus (MG2-10) and the production of pre-
rapamycin analogues analysed by LC-MS (Table 1). Incorporation
of 4-hydroxycyclohexane carboxylic acid 5 results in the produc-
tion of highest levels of equivalent pre-rapamycin (33 mg L−1). This
was anticipated as the administration of cyclohexane carboxylic
acid 3 results in the generation of the same pre-rapamycin analogue
in which the cyclohexane ring is hydroxylated at C-4. The titer
of the pre-rapamycin analogue resulting from the incorporation
of 3-hydroxycyclohexane carboxylic acid 6 was considerably
lower (3 mg L−1). The pre-rapamycin analogue generated is the
same as that observed when cyclohex-1-ene carboxylic acid 4 is
administered to the mutant. No pre-rapamycin analogue could be
identified when 2-hydroxycyclohexane carboxylic acid 7 was fed.


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 4071–4073 | 4071







Table 1 Incorporation of synthetic starter acids into pre-rapamycin


Starter acid analogue Pre-rapamycin analogue (Fig. 1) Pre-rapamycin analogue produced/mg L−1


Yield not reported11


10011


2211


33 ± 3


3 ± 1


— 0


18 ± 3


— 0


— 0


The incorporation of cyclohex-1-ene carboxylic acid 4 and its
conversion to a 3-hydroxycyclohexane rapamycin prompted us to
synthesise 3-hydroxycyclohex-1-ene carboxylic acid 813 for use in
feeding experiments. This compound was incorporated to give a
significantly higher titer of pre-rapamycin analogue (18 mg L−1)
than its saturated analogue 6 (3 mg L−1). This is probably a
reflection on its greater similarity to the unsaturated natural starter
acid 4,5-dihydroxycyclohex-1-ene carboxylate.9


A carbon–fluorine bond is almost isosteric with the carbon–
oxygen bond of a hydroxyl group (1.38 Å versus 1.42 Å
respectively).14 It may therefore be postulated that if high levels
of incorporation of 4-hydroxycyclohexane carboxylic acid is
due to steric recognition of the starter acid analogue alone,
then incorporation of 4-fluorocyclohexane carboxylic acid should


result. The presence of an electron-withdrawing fluorine, at this
position, is also likely to preclude further oxidation of the ring.
Fluorinated cyclohexane carboxylic acids are important synthetic
precursors for materials and medicinal chemistry.15,16 Despite this
usefulness, and apparent structural simplicity, these compounds
are difficult to synthesise. The only literature synthesis of 12 reports
a disappointing yield of 6.7% for the fluorination step.16


Also it has been shown that, when compared to other secondary
alcohols, cyclohexanol is difficult to fluorinate and that monosub-
stituted cyclohexanols represent an even greater challenge.17 Due
to the steric crowding in such systems and the basicity of the
fluorine nucleophile, attempted fluorinations of these compounds
often lead to the formation of the unwanted dehydration product
instead (Scheme 1). Attempts to access the fluorinated cyclohexane
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Scheme 1 Explanation for poor yields in the fluorination of substituted
cyclohexanols, adapted from Mange and Middleton.17


carboxylic acids by catalytic hydrogenation of the corresponding
fluorobenzoates were not successful, resulting in inseparable
mixtures of compounds of which > 90% did not retain the fluorine
substituent.18


Having attempted modifications of the two approaches de-
scribed above with little improvement to yield, we explored
the fluorination of 4-hydroxycyclohexanone 9 (Scheme 2), the
rationale being that the hydroxyl would be less sterically hindered
and thus more accessible to nucleophilic attack by fluoride.
Yields for the fluorination step of 18% and 24% were achieved
using diethyl amino sulphur trifluoride (DAST) and HF–pyridine
respectively. This represents a significant (3.5 fold) improvement
on the analogous reported yield of only 6.7% for the fluo-
rination of a 4-hydroxycyclohexane carboxylate derivitive.16 4-
Fluorocyclohexanone 10 was then converted, in two steps, to 4-
fluorocyclohexane carboxylic acid 12 (Scheme 2).


Scheme 2 Procedure for the generation of 4-fluorocyclohexane carboxylic
acid. Reagents and conditions: (i) HF–pyridine, 0 ◦C, 24%; (ii) TosMIC,
tBuOH, tBuOK, DME, RT, 64%; (iii) NaOH (1 M), 80 ◦C, 65%.


4-Fluorocyclohexanoic acid 12 and a commercial sample of
4,4-difluorocyclohexanoic acid 13‡ were administered to the test
organism described above. No pre-rapamycins were generated
indicating the necessity for hydroxylation of the ring of the starter
acid prior to its incorporation and showing that fluorination
precluded further enzymatic oxidation of the substrates in vivo.


In conclusion we describe a considerably improved synthesis of
4-fluorocyclohexane carboxylic acid (12), with a 3.5 fold improve-
ment in the fluorination step. The administration of both 4- and
3-hydroxycyclohexane carboxylic acid and 3-hydroxycyclohex-1-
ene carboxylic acid to S. hygroscopicus (MG2-10) lead to the pro-
duction of pre-rapamycin analogues whereas 2-hydroxy, 4-fluoro-
and 4,4-difluorocyclohexane carboxylic acid does not. Although a
carbon–fluorine bond is almost isosteric with a carbon–oxygen
bond this is not sufficient for recognition and acceptance by
the PKS; this is likely to be due to the substantially different


electronic and hydrogen bonding properties. Interestingly, the
low level incorporation of tetrahydro-2H-pyran-4-carboxylic acid
into a pre-rapamycin analogue by S. hygroscopicus (MG2-10) is
reported without hydroxylation of the ring.11 This observation
further supports the hypothesis that the ring must carry a hydrogen
bond acceptor, prefereably a hydroxyl moiety at the 4-position, in
order for starter acid incorporation by the PKS. Furthermore, the
presence of fluorine at C-3 or C-4 is likely to prevent enzymatic
oxidation of the cyclohexyl ring. This information is valuable as
cyclohexanoic acid fluorohydrins are accepted as substrates by
the PKS (although the material was uncharacterized in terms of
regio- and stereochemistry).19 Further experiments are in progress
to investigate further the regio- and stereochemical requirements
of cyclohexane ring substitution for PKS starter unit recognition.
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