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Abstract—A group of dicyanodihydrofuran (DCDHF) fluorophores with thiol-reactive maleimide functionality has been synthe-
sized. One of the methods involves aromatic nucleophilic substitution reaction between an arylfluoride containing DCDHF and
an amine containing protected maleimide. An alternative and generally useful method involves combination of the Mitsunobu reac-
tion of a DCDHF-OH with a furan or 2-methylfuran protected maleimide and then subsequent retro Diels—Alder reaction.

© 2006 Elsevier Ltd. All rights reserved.

Single molecule fluorescence imaging is a powerful tech-
nique that reveals the subtle characteristics of structure
and dynamics in complex condensed phases that are
otherwise obscured in ensemble measurements.! For
example, a fluorescent Nile Red dye was recently
employed to probe the sequence of conformationally
induced polarity changes in the molecular chaperonin
GroEL.?> We have identified a new class of DCDHF
fluorophores that are particularly well suited for sin-
gle-molecule studies.> These dipolar molecules contain
an amine donor (usually a dialkylamine, R;R;N), a con-
jugated m-system (comprised of units including 1,4-benz-
ene, 2,6-naphthalene, 2,5-thiophene, alkene, etc.) and
the unique dicyanodihydrofuran DCDHF acceptor
(with Rz, R4 groups, which are again usually alkyl
groups). The generic DCDHF chromophore structure
is shown in Figure 1 wherein these three substructures
can all be systematically varied to tune a wide range of
properties. Additional groups can be appended to any
of these substructures to provide additional function.
We seek to specifically control and optimize the intro-
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Figure 1. The generic DCDHF chromophore with sites Ry 4 and Ar

available for synthetic modification.
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duction of the maleimide functional group that is widely
used as a Michael addition substrate for thiol groups in
proteins.*® The maleimide may be directly attached to
the fluorophore via the aromatic ring or through an ali-
phatic spacer.” Here we describe an efficient method for
the introduction of the maleimide through an aliphatic
spacer.

Several methods have been reported to create the malei-
mide functional group: (1) Cyclization of the corre-
sponding maleamic acid generated by condensation of
amine and maleic anhydride under acidic conditions.®
(2) Alkylation of a furan-protected maleimide with an
alkyl halide in the presence of base and subsequent
retro-Diels—Alder (retro-D—A) deprotection.® (3) Mitsu-
nobu reaction of pyrrole-2,5-dione (parent maleimide)
or a protected maleimide with an alcohol.!%!!

The maleimide unit was first introduced on the amine
donor side (R or R,) in a DCDHF dye with a benzene-
conjugating unit. Since we had synthesized the aryl
fluoride intermediate 6 before, and considering the insta-
bility of the maleimide to nucleophiles, we adapted a
SNAr reaction between a secondary amine with a
furan-protected maleimide 5 and the aryl fluoride 6 to
obtain the furan-protected maleimide 7.'> The furan-
protected maleimide 5 was synthesized starting from 1,
the monotosylate of 1,6-hexanediol. The furan-pro-
tected maleimide was then alkylated with monotosylate
1 and the remaining alcohol in 3 was subsequently tosyl-
ated and treated with N-propylamine to afford dialkyl-
amine 5. After a retro-D-A reaction of 7, the DCDHF
fluorophore 8 with maleimide attached on the terminus
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Scheme 1. Synthesis of DCDHF with maleimide on the donor side.

of the amine donor has been obtained as is summarized
overall in Scheme 1.13

This same method cannot be applied if the maleimide is
attached on the acceptor side (R3, R4) because DCDHF
fluorophores are not compatible with either primary
amines, which are the starting material for method (1),
or the basic conditions for the alkylation, which are
required for method (2). Therefore, as an alternative,
the Mitsunobu coupling with pyrrole-2,5-dione appears
very attractive. Indeed, using the method of Walker,'”
DCDHFs with a maleimide group were isolated but only
in moderate (35% for Ar = 1,4-phenyl) to low (7% for
Ar = 2,6-naphthyl) yields probably due to the sensitivity
of the unprotected maleimide double bond to the nucleo-
philes existing in the reaction system (Scheme 2).
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Scheme 2. Synthesis of a maleimide substituted DCDHF fluorophore
by direct Mitsunobu reaction of pyrrole-2,5-dione.
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The limited success here prompted us to seek improved
methods for synthesis of this kind of molecule. The
Mitsunobu reaction of a furan-protected maleimide in
combination with the retro-D-A reaction avoids the
susceptibility of the maleimide to nucleophilic attack.'!
We have examined different pyrrole-2,5-dione adducts
of furan, 2-methylfuran, and 2,5-dimethylfuran made
by the procedures reported by Kwart and Burchuk.!*!
The pyrrole-2,5-dione adduct of furan has poor solubility
in chloroform and other ordinary organic solvents,
which limits its use while the 2-methylfuran protected
maleimide has much improved solubility. The pure endo,
exo isomers or a mixture of both isomers were used in the
Mitsunobu reaction and the retro-D-A reaction. The
thermal stability of the D—A adducts is furan > 2-methyl-
furan > 2,5-dimethylfuran and the latter adducts are
not convenient to use, as partial retro-D-A reaction
was often observed during their handling and purifica-
tion. We examined the model Mitsunobu reaction be-
tween 4-biphenylmethanol and furan or 2-methylfuran
protected maleimide and found they are equivalent in
terms of the yield of the products (Scheme 3). However,
one of the major drawbacks of the Mitsunobu reaction is
the necessity to remove hydrazide and phosphine oxide
byproducts.!® The availability of the different furan
D-A adducts provides versatility for chromatographic
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Scheme 3. Model reactions of 4-biphenylmethanol with protected maleimide and the corresponding retro Diels—Alder reaction.
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separation required for workup of these reactions. The
retro-D-A reaction of the 2-methylfuran adduct 14
was run in boiling toluene and the furan adduct was run in
xylene or anisole as reported by Clevenger and Turnbull.’

After examination of these model compounds, we
focused on the synthesis of the maleimide functionalized
DCDHF fluorophores. The detailed synthetic proce-
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dures for the DCDHF precursors with hydroxyl func-
tionality (first column of Table 1) will be published
elsewhere. These hydroxyl functionalized DCDHF were
reacted with the 2-methylfuran protected maleimide to
obtain a protected DCDHF-maleimide. Either individ-
ual pure exo or endo isomers or a mixture of both iso-
mers of the 2-methylfuran protected maleimide are
useful for this purpose.

Table 1. Synthesis of maleimide functionalized DCDHFs via the 2-methylfuran protected maleimide and retro Diels—Alder reaction'’
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In contrast to the problems we encountered with the
Mitsunobu reaction of pyrrole-2,5-dione, the reactions
and purifications involving the protected maleimide
were straightforward. The reaction is not sensitive to
an excess of triphenylphosphine and DEAD or DIAD
and so typically 20-50% of excess of the reagents could
be used. Seven DCDHF-maleimides (22-28) have been
synthesized via their corresponding 2-methylfuran pro-
tected DCDHF-maleimides (15-21). The conjugation
linkages for DCDHFs include phenyl (22), naphthalene
(23-26), Th-Ph (27), and Th-V (28) and maleimide was
installed on either the donor side or acceptor side of
the molecule. The detailed photophysical properties of
these new DCDHF chromophores and their applica-
tions as biolabels will be described elsewhere.
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a pipette and the system was heated to reflux. After
30 min, TLC indicated the retro Diels—Alder reaction was
complete and the system was cooled down with nitrogen
flow. The mixture was directly transferred onto a flash
silica gel column and the product was eluted with
dichloromethane containing 5% of ethyl acetate to obtain
100 mg (91% yield) of the maleimide DCDHF 22. 'H
NMR (400 MHz, CDCls) 6 7.95 (d, J=9.5 Hz, 2H), 6.70
(s, 2H), 6.71 (d, J=9.5 Hz, 2H), 3.51-3.47 (m, 2H), 3.42
(t, J=17.9Hz, 4H), 2.26-2.05 (m, 2H), 1.81 (s, 3H), 1.69—
1.60 (m, 4H), 1.60-1.40 (m, 14H), 0.94 (t, J = 6.9 Hz, 6H).
13C NMR (100 MHz, CDCly) 6 177.2, 171.7, 170.5, 152 9,
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134.2, 132.1, 113.11, 113.07, 112.8, 112.06, 111.9, 99.0,
91.5,54.1,51.4,37.6,37.0, 31.6, 27.3, 26.9, 26.7, 22.6, 14.2.
HRMS (m/z): [M+Na] caled for Cs3H4NsO3Na,
590.3107; found, 590.3101.

Compound 23. '"H NMR (400 MHz, CDCls) ¢ 8.27 (d,
J=2.0Hz, 1H), 7.80-7.76 (m, 2H), 7.61 (d, J=9.0 Hz,
1H), 7.06 (dd, J=2.4, 9.0Hz, 1H), 6.72 (d, J=2.4 Hz,
1H), 6.53 (s, 2H), 3.53-3.45 (m, 6H), 2.30-2.23 (m, 1H),
2.17-2.09 (m,1H), 1.90 (s, 3H), 1.63-1.54 (m, 1H), 1.42—
1.36 (m, 1H). *C NMR (100 MHz, CDCl3) 6 176.5, 173.8,
170.5, 149.4, 138.5, 133.9, 132.1, 127.0, 124.9, 124.2, 118.6,
117.3, 112.3, 112.2, 111.3, 104.6, 100.2, 96.4, 56.2, 48.0,
37.1, 36.8, 26.8, 25.5, 22.6. HRMS (m/z): [M+Na] caled
for C30H,sNsO3Na, 526.1855; found, 526.1866.
Compound 24. 'H NMR (400 MHz, CDCl;) é 8.27 (d,
J=2.1Hz, 1H), 7.80 (dd, J=9.0, 2.1 Hz, 1H), 7.78 (d,
J=9.3Hz, 1H), 7.61 (d, J=9.0Hz, 1H), 7.13 (dd,
J=9.3, 2.5Hz, 1H), 6.78 (d, J=2.5Hz, 1H), 6.57 (s,
2H), 3.55-3.40 (m, 6H), 2.33-2.10 (m, 2H), 1.92 (s, 3H),
1.73-1.55 (m, 6H), 1.45-1.33 (m, 12H), 0.94 (t, J = 7.0 Hz,
6H). '3C NMR (100 MHz, CDCl3) é 176.5, 173.8, 170.5,
150.0, 138.6, 134.0, 132.1, 131.8, 127.1, 124.7, 124.2, 118.7,
116.7, 112.2, 112.1, 111.2, 104.4, 100.1, 96.5, 56.3, 51.3,
37.1, 36.8, 31.7, 27.3, 26.81, 26.75, 22.7, 14.1. HRMS
(m/z): [IM+Na] calcd for C3gHy3NsO3Na, 640.3264; found,
640.3283.

Compound 25. '"H NMR (400 MHz, CDCl;) o 8.35 (d,
J=2.1Hz, 1H), 7.88 (dd, J=18.9, 2.1 Hz, 1H), 7.79 (d,
J=9.2Hz, 1H), 7.66 (d, J=8.9Hz, 1H), 7.13 (dd,
J=9.2, 24 Hz, 1H), 6.81 (s, br, 1H), 6.73 (s, 2H), 3.61
(t, J=6.4Hz, 2H), 3.51 (t, J=7.5Hz, 2H), 3.46 (t,
J=7.5Hz, 2H), 1.93 (s, 6H), 1.75-1.63 (m, 6H), 1.43-1.32
(m, 6H), 0.94 (t, J=7.0 Hz, 3H). '*C NMR (100 MHz,
CDCls) 6 176.4, 175.6, 170.8, 149.7, 138.4, 134.2, 132.0,
127.1,124.8, 124.5,119.0, 116.7, 112.4, 112.3, 111.4, 104.7,
98.3,95.7,65.2, 51.3, 50.6, 35.4, 31.6, 27.5, 27.2, 26.7, 26.1,

24.4, 22.6, 14.0. HRMS (m/z): [M+Na] caled for
C34H35N503Na, 584.2638; found, 586.2644.

Compound 26. '"H NMR (400 MHz, CDCls) ¢ 8.35 (d,
J=2.1Hz, 1H), 7.88 (dd, J=9.1, 2.1 Hz, 1H), 7.82 (d,
J=93Hz, 1H), 7.72 (d, J=9.1 Hz, 1H), 7.22 (dd, J =
9.2, 2.5Hz, 1H), 7.00 (d, J=2.5Hz, 1H), 6.70 (s, 2H),
3.82 (t, J=6.6 Hz, 2H), 3.69 (t, J = 7.6 Hz, 2H), 3.46 (t,
J=7.6Hz, 2H), 1.94 (s, 6H), 1.72-1.65 (m, 2H), 1.43-1.30
(m, 6H), 0.94 (t, J=7.0 Hz, 3H). '3C NMR (100 MHz,
CDCl) 6 176.2, 175.8, 170.5, 149.4, 138.3, 134.3, 132.0,
131.8,127.4,125.1, 124.5, 119.5, 116.6, 112.2, 112.1, 111.2,
105.2, 98.4, 96.5, 56.6, 51.0, 48.4, 34.6, 31.6, 27.4, 27.3,
26.6, 22.6, 14.0. HRMS (m/z): [M+Na] caled for
C3,H3;N505Na, 556.2325; found, 556.2327.

Compound 27. '"H NMR (400 MHz, CDCl3) ¢ 7.91 (ddd,
J=28.9, 2.4, 2.0 Hz, 2H), 7.54 (ddd, J=38.9, 2.4, 2.0 Hz,
2H), 7.33 (d, J=4.0Hz, 1H), 6.71 (s, 2H), 6.02 (d,
J=40Hz, 1H), 3.82 (t, J=6.6Hz, 2H), 3.56 (t,
J=6.6Hz, 2H), 3.36 (t, /=7.5Hz, 2H), 1.88 (s, 6H),
1.72-1.64 (m, 2H), 1.43-1.37 (m, 2H), 1.00 (t, J = 7.4 Hz,
3H). 3C NMR (100 MHz, CDCls) 6 176.0, 174.5, 170.5,
160.5, 141.7, 134.3, 130.0, 128.5, 123.7, 123.6, 122.1, 112.1,
111.9, 111.1, 104.1, 98.2, 96.7, 56.9, 53.6, 50.5, 34.6, 29.1,
27.2, 20.1, 13.9. HRMS (m/z): [M+Na] caled for
C30H27N503SN&, 5601732, found, 560.1730.

Compound 28 'H NMR (400 MHz, CDCl;) 6 7.81 (d, br,
J=14.6 Hz, 1H), 7.35 (d, J=4.6 Hz, 1H), 6.76 (s, 2H),
621 (d, J=4.6Hz, 1H), 6.00 (d, br, J=14.6Hz,
1H), 3.85 (t, J=6.6 Hz, 2H), 3.67 (t, J=6.6 Hz, 2H),
347 (t, J=17.7Hz, 2H), 1.78-1.67 (m, 8H), 1.49-1.39 (m,
2H), 1.03 (t, J=7.2Hz 3H). *C NMR (100 MHz,
CDCl) 6 176.9, 172.6, 170.2, 168.2, 143.0, 140.3, 134.5,
125.1, 113.7, 1129, 112.8, 107.7, 105.0, 95.8, 54.7,
51.8, 50.7, 34.4, 29.7, 26.8, 20.1, 13.8. HRMS (m/z):
[M+Na] caled for C,ysH,sNsO3SNa, 510.1576; found,
510.1579.
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