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a b s t r a c t

Solutions of heterocycles having an allyl sulfide unit and simple alkenes in 50% t-BuOH/H2O undergo
reversible olefin metathesis reactions with the second generation Hoveyda–Grubbs catalyst. The choice
of functional groups is limited by competitive chelation of some heterocycles with the catalyst, and other
stereoelectronic effects.

� 2010 Elsevier Ltd. All rights reserved.
Dynamic combinatorial chemistry (DCC) is a powerful method
for the formation and amplification of unnatural ligands and recep-
tors in a self-selection process that mirrors the selection processes
used in nature.1 Central to the application of DCC is the incorpora-
tion of functional groups that undergo reversible chemistry and
deliver an equilibrating mixture of all possible ligands or receptors,
or a dynamic combinatorial library (DCL), from a defined set of
building blocks. The most common examples of reversible chemis-
try that have been used in DCC include disulfide formation, Schiff
base chemistry, metal ion coordination, and acyl exchange reac-
tions.1 While the majority of DCC studies have been performed in
organic solvents, a number of successful studies with biomolecules
under physiologically relevant conditions have illustrated the
enormous potential of DCC in biological chemistry.2–4 Novel
ligands for the recognition of quadruplex and duplex DNA have
been based on thiol–disulfide exchange reactions, while metal
complexes have been used to target RNA.4 While reversible
thiol–disulfide chemistry is well-suited to DCL formation in aque-
ous solutions, the susceptibility of disulfide linkages to biological
redox reactions presents some limitations to the stability of the
resultant receptors and ligands for applications in vivo.

Olefin metathesis (Fig. 1a) is a reversible reaction that has been
highlighted for potential applications in DCC.1 The alkene func-
tional group is an attractive feature to incorporate into DCC build-
ing blocks because of its high stability under biological conditions,
ll rights reserved.
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rigidity, and as an isostere of the amide bond.5 However, there are
limited examples of DCC utilizing olefin metathesis, and with the
exception of one study that used a phase-transfer catalyst in
CH2Cl2/H2O,6 all examples have been performed in organic sol-
vents.7 However, recent reports of new catalysts and reaction con-
ditions that allow metathesis chemistry to be performed in
water,8,9 suggest that formation of olefin-based DCLs in water
should be possible. For example, Davis and co-workers recently re-
ported that the second generation Hoveyda–Grubbs catalyst is suf-
ficiently stable and active to catalyze cross metathesis (CM)
reactions in t-BuOH/H2O mixtures,9 particularly when one of the
coupling substrates is an allyl sulfide ( Fig. 1b). Compared with
other reported aqueous metathesis reactions, this chemistry is
attractive for applications in DCC, as it is not restricted to ring-clos-
ing metathesis reactions, homo-coupling reactions are minimized,
and less stringent conditions are required that are suitable for
applications under biologically relevant conditions. Of particular
note is the compatibility of the reaction conditions with proteins,9

suggesting broader applications in DCC.
Motivated by these recent developments, we decided to inves-

tigate whether metathesis-based DCLs could be formed under bio-
logically relevant conditions. The building blocks investigated in
this study (Table 1) incorporated functional groups commonly
found in DNA-binding compounds,10 in order to explore the feasi-
bility of generating novel DNA and/or RNA binding compounds
using DCC. Allyl sulfide derivatives 2–6 contained aromatic chro-
mophores as models for DNA-intercalators.11 For example, the nat-
urally occurring quinoxaline depsipeptide antitumour antibiotics,
as well as the napthalimide derivative, elinafide, interact with
DNA by bisintercalation. The CM coupling partners 7–10 contain
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Figure 1. (a) The general olefin cross metathesis reaction. (b) Aqueous CM
methodology,9 employing various allyl sulfide derivatives including N-Boc-S-allyl
cysteine methyl ester (1).
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functional groups that are typically present in DNA groove binders
(e.g., polyamide lexitropsins, carbohydrates, peptides).12 We envis-
aged a DCL design in which various intercalator components would
be reversibly connected to a variety of groove-binder components
to give a dynamic library of olefin-bridged intercalator–groove-
binder conjugates. The groove-binder components would be pres-
ent in large excess in order to avoid homodimerisation of the allyl
sulfide-containing intercalator components, and the aromatic
chromophores should allow easy identification of the CM conju-
gates by LC–MS.13 The allyl sulfide derivatives 2–6 were readily
prepared by treatment of the appropriate alkyl halides with 2-pro-
pen-1-thiol.

Individual cross metathesis reactions were performed (Table 1)
in order to probe the functional group tolerance of the reaction,
and to establish the ‘start’ and ‘stop’ signals for the reversible
chemistry required in DCC.14 All cross metathesis reactions were
initiated by adding the catalyst to a solution of the coupling part-
ners in t-BuOH/H2O according to the reported reaction conditions.9

The reactions were normally monitored by the color of the reaction
mixture: the Hoveyda–Grubbs second generation (pre)catalyst has
an intense green color which, during the course of the reaction,
changes to yellow once catalysis is initiated, and finally to
brown/black when the catalyst has decomposed. The lack of active
catalyst effectively acts as the ‘stop’ signal for the reaction. Reac-
tions were allowed to proceed for 2.5 h, with the addition of a fresh
portion of catalyst after 1 h required in order to ensure the
reactions went to completion. A control reaction9 was included
(Table 1, entry 1) between N-Boc-S-allyl cysteine methyl ester (1)
and allyl alcohol (7), which gave the CM product 11 in 72% yield.

Naphthalimide 2 exhibited reasonable solubility in 50% t-BuOH/
H2O and cross metathesis reactions proceeded smoothly with allyl
alcohol (7), b-O-allyl glucose (8)9 and N-allyl acetamide (9)15 to
give the corresponding olefins in >90% yield (Table 1, entries 2–
4).16 However, no reaction was observed between naphthalamide
2 and N-allyl-N0-methylpiperazine (10)17 (Table 1, entry 5). In a
separate experiment, the control reaction between 1 and 7 was
shown to be impeded significantly by the presence of 1 equiv of
N,N0-dimethylpiperazine (data not shown), indicating that the
piperazine functional group is incompatible with the catalyst. In
order to rule out any chelation of the ruthenium catalyst with
the piperazine ligand, the reaction between 2 and 10 (Table 1, en-
try 5) was repeated in the presence of MgCl2, as these conditions
have been reported to disrupt unproductive chelation of the cata-
lyst.9 However, in this case the only reaction observed was forma-
tion of a small quantity of the homodimer of 2.

In the case of quinoline 3, reaction with 20 equiv of 7 resulted in
formation of the desired product 15 in moderate yield (Table 1, en-
try 6). However, treatment of quinoline 3 with 8 or 10 gave only
unreacted starting material (Table 1, entries 7 and 9), while reac-
tion of 3 with a large excess of 9 resulted in consumption of the
starting material 3 but none of the desired product was formed
and no side-products could be identified (Table 1, entry 8). Reac-
tion of quinoxaline 4 with allyl alcohol 7 under the same condi-
tions resulted in a claret-colored solution that produced the
expected product 16 in moderate yield (Table 1, entry 10).

Treatment of phenanthroline 5 with excess 7 in the presence of
the catalyst resulted in an immediate color change to red/brown,
but no CM reaction had occurred after 2.5 h (Table 1, entry 11).
The color change was consistent with the established metal chela-
tor, phenanthroline, forming a complex with the ruthenium cata-
lyst.18 Heterocycles are known to exchange with ligands attached
to the catalyst, sometimes with advantageous effects on reactiv-
ity,19 but the bidentate phenanthroline forms kinetically inert
complexes with ruthenium(II)18 which presumably interferes with
catalysis. The control reaction between 1 and 7 was repeated in the
presence of 1 equiv of methyl phenathroline-5-carboxylate (data
not shown); formation of a deep-red color was again observed,
consistent with competitive chelation of the metal catalyst, and
no CM product was formed. In contrast, while quinoxaline 4 also
formed a red solution consistent with reported complexes between
quinoxalines and ruthenium,20 the quinoxaline complex is evi-
dently sufficiently labile to allow CM metathesis to proceed (Table
1, entry 10).

Reaction of acridine 6 with alkenes 7, 8, and 9 resulted in prod-
ucts that were tentatively identified as the desired CM conjugates
(Table 1, entries 12–14). However, these reactions were compli-
cated by the instability of 6 and its derivatives which were light-
sensitive and degraded on standing, and hence pure products were
unable to be isolated or fully characterized.

Having performed this initial exploration of the scope of the
aqueous CM reaction, attention was next turned towards establish-
ing conditions for generating a DCL. Naphthalimide 2 was treated
with 20 equiv each of 7, 8, and 9 in the presence of �25 mol % cat-
alyst in 50% t-BuOH/H2O at 32 �C (Table 2, entry 1).21 The initial
green color of the reaction mixture changed to yellow within a
few minutes, and then gradually darkened as expected. The reac-
tion mixture was analyzed by LC–MS at regular time intervals,
which showed that all three expected CM conjugates (12–14)
started to appear within 5 min. However, the reaction stopped
within 20 min, and a second addition of catalyst was necessary
to achieve complete consumption of starting material and a stable
product distribution. Repeating the experiment with different cat-
alyst loadings gave consistent, reproducible final ratios of products
12–14 (Table 2, entry 1).

In order to confirm that the DCL system was reversible and had
reached equilibrium within the experimental time, a second exper-
iment was performed in which the conjugate 12 was used as the
initial substrate rather than 2 (Table 2, entry 2). LC–MS analysis
showed a product distribution that was approximately the same
as the DCL obtained with substrate 2 (Table 2, entry 1), that is,
the system reached the same product distribution regardless of
which starting material was used. This result indicates that the
system is dynamic and reaches equilibrium within the experimen-
tal time, and consistent with this result, varying the initial DCL
component concentrations resulted in changed distributions of
the products 12–14 as expected (Table 2, entries 3 and 4).

The results summarized in Table 1 demonstrate that there are
subtle, and as yet not completely understood, electronic and metal
co-ordination chemistry effects that influence the outcome of the
reaction and limit the building block design. CM reactions in or-
ganic solvents with different catalysts have also highlighted a lack
of predictability in product selectivity and stereoselectivity, but
extensive studies have allowed development of a general model
for selectivity in olefin CM reactions.22 CM reactions with allyl sul-
fides under the conditions used in this study, have been performed
with a protein containing an allyl-Cys residue,9 suggesting that



Table 2
Equilibrium mixtures of metathesis conjugates 12–14

Hoveyda-Grubbs 2nd generation catalyst
1:1 t-BuOH/H2O

N
O

O

S R N
O

O

S R

7, 8, 9

32 ºC, 2.5 h

       2  (R = H)
or  12  (R = CH2OH)

    12  (R = CH2OH)
+  13  (R = CH2O-glucose)
+  14  (R = CH2NHAc)

Entry Starting material Molar excess of 7/8/9 Product ratioa 12:13:14

1 2 20/20/20 22:20:58
2 12 20/20/20 24:18:58
3 2 40/20/5 48:27:25
4 2 5/20/40 7:9:84

a Determined by LC–MS.

Table 1
Cross metathesis reactionsa
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Hoveyda-Grubbs 2nd generation catalyst
1:1 t-BuOH/H2O

R
S R'

(alkene)

allyl sulfide CM product

Entry Allyl sulfide Alkene Product and
yield (%)

1 BocHN CO2Me
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OH
7 11 72
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7 12 94

3
OO

HO OH
OH

HO
8

13 >90

4 N
H

O

9
14 96

5
N

N
10

0

6

N S

3

7 15 53b

7 8 0
8 9 0
9 10 0

10 N

N
S

4
7 16 31(51)c

11 N
N

S

5

7 0

12

N

S

6

7 �65d

13 8 LC–MSe

14 9 �30d

a General conditions: 1 equiv allyl sulfide derivative, 10–50 equiv coupling
partner alkene, 2 � 10 mol % Hoveyda–Grubbs second generation catalyst, 1:1 t-
BuOH/H2O (1.5 mL), 32 �C, atm, 2.5 h.

b 20 equivalents of 7 used; if 10 equiv of 7 used, then the homodimer of 3 was the
only product.

c 51 percent based on consumed starting material, 31% isolated yield.
d Unstable product, not fully purified.
e Product identified by LC–MS only.
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amine, guanidinium, carboxylate, and other amino acid side-chain
functional groups would be tolerated in the allyl sulfide CM part-
ner, provided MgCl2 is present to disrupt nonproductive chelation
of the catalyst. In this study, however, the potential chelating func-
tional groups in the alkene coupling partner (e.g., 10) are present in
a large molar excess, which would favor the formation of com-
plexes between the alkene and the catalyst. Under these conditions
‘Lewis acid rescue’ of the catalyst by addition of MgCl2 may not be
possible.

In summary, conditions have been established for reversible
aqueous metathesis chemistry between an S-allyl naphthalimide
derivative and various other alkenes. Functional group tolerance
is a limiting feature of this chemistry, and further work is required
to fully understand the different reactivities observed in this study.
However, our results show that given suitable substrates, a
metathesis-based DCL can rapidly reach equilibrium in solvent
mixtures containing 50% water, conditions that may be used in
applications with water-soluble substrates.
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Q� water (0.125 mL), and the mixture was stirred at 32 �C for 1.5 h. At time
intervals, an aliquot (10 lL) was withdrawn from the reaction mixture, diluted
with MeOH (190 lL), and analyzed directly by LC–MS [20–100% MeCN over
30 min]. The LC–MS result corresponding to a 2.5 h reaction time showed the
presence of CM conjugates 12, 13, and 14 (confirmed by MH+ molecular ions
and by comparison with standard samples) plus additional peaks attributed to
catalyst degradation products (e.g., M+ = 307, attributed to free carbene ligand,
which co-elutes with 12). The relative amounts of 12, 13, and 14 were
determined by integrating separate plots of the corresponding molecular ions
over time. Data for 12: retention time 16.6 min, m/z 328 [MH+], relative area
22%. Data for 13: retention time 12.9 min, m/z 490 [MH+], relative area 20%.
Data for 14: retention time 16.1 min, m/z 369 [MH+], relative area 58%.

22. (a) Chatterjee, A. K.; Choi, T.-L.; Sanders, D. P.; Grubbs, R. H. J. Am. Chem. Soc.
2003, 125, 11360–11370; (b) Vougioukalakis, G. C.; Grubbs, R. H. Chem. Rev.
2010, 110, 1746–1787.


	Reversible aqueous metathesis reactions for potential application  in dynamic combinatorial chemistry
	Acknowledgment
	References and notes


