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Synthesis and Fluorescence Properties of
Manisyl-Substituted Terpyridine, Bipyridine,
and Phenanthroline**
Jon C. Loren and Jay S. Siegel*

Cation affinity, solubility, and spectroscopy (e.g. fluores-
cence) are three characteristic physical properties of oligo-
pyridine-based heterocycles (2,2':6',2''-terpyridines, 2,2'-bipyr-
idines, and 1,10-phenanthrolines, in the following simply
designated as terpyridines, bipyridines, and 1,10-phenanthro-
lines) that one would like to control through a simple
synthesis scheme from common building blocks.[1] In partic-
ular, aryl-substituted heterocycles of this family have a rich
history in metal coordination chemistry.[2, 3] Their conjugated
backbones make them attractive chromophores and molec-
ular ªantennaeº;[4±7] however, the larger and fused analogues
typically suffer from poor solubility and inefficient chemical
syntheses. Among aryl substituents, p-anisyl (4-methoxyphen-
yl) has been extensively used where further structural
elaboration was desired,[8±10] and mesityl has been noted for
endowing superior solubility features.

A hybrid of these two aryl motifs, 4-methoxy-2,6-dimethyl-
phenyl or ªmanisylº, offers both characteristics, but has been

In conclusion, the concept of an accessible and controllable
molecular program, even within the limited arena of metal
coordination structures, seems premature. If one wants to
ªprogramº in the ªmachine languageº of molecules, (s)he will
receive the greatest insight from the firm fundamentals of
thermodynamics and kinetics as opposed to distractions of
sirenous supramolecular slogans.
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virtually absent as a substituent in this family of heterocyclic
compounds. Here we present a general route to these aryl-
substituted heterocycles using palladium-mediated coupling
of organozinc halides with heterocyclic halides, and note an
extraordinary suitability of zinc to complex with the in situ
forming ligand, thus protecting the catalyst from poisoning
and simplifying product purification. A further highlight of
this work stems from the ability of the manisyl group to endow
specific members of this family with high fluorescence
quantum efficiency. Therefore, in one concentrated effort
we have been able to address problems related to the
chemical synthesis, physical manipulation, and photophysical
properties of these versatile metal chelates.

Considering substitution at the a, b, and g positions relative
to the nitrogen atom of a pyridine and including the
combinations of pyridine and phenanthroline up to tridentate
chelates (pyridine, bipyridine, terpyridine, phenanthroline,
and pyridylphenanthroline) generates a family of 42 struc-
tures, from which a representative subset of 17 were targeted
for synthesis, with manisyl as the prototypical substituted
arene. An appropriate set of halogenated pyridines (1 a ± e)
and phenanthrolines (2 a ± d) were available either commer-
cially or from literature procedures.[11±15] Starting from
commercially available 3,5-dimethylanisole, the literature-
known 4-methoxy-2,6-dimethylbromobenzene (3-Br) was
prepared[16] and then converted into the organozinc reagent
3-ZnCl by employing Negishi conditions.[17±19] Halopyridines
1 a ± c and 1 e react smoothly with one molar equivalent of 3-

ZnCl to form the corresponding arylpyridines, of which 4-Br,
5-Br, and 6-I can be converted to the organozinc analogue.[20]

These six sets of building blocks can be permuted between
organozinc and halide counterparts in a series of Negishi
couplings to generate a large array of ligand patterns
(Scheme 1). For example, symmetrical terpyridines (12 ± 14)
were prepared from two molar equivalents of an organozinc
and 1 b in about 60 % yield (Table 1).

Scheme 1. a) n-Butyllithium, ÿ78 8C, THF; ZnCl2, THF, ÿ78 8C!RT; b) Aryl ± X, 5% [Pd(PPh3)4], reflux, 12 h, THF; c) see ref. [20].

Table 1. Substrates and yields for the synthesis of heterocycles 7 ± 21.

Aryl ± ZnCl Aryl ± X Product Yield [%][a] Melting range [8C][b]

3-ZnCl 1b 4-Br 61 75 ± 77
3-ZnCl 1c 5-Br 85 78 ± 80
3-ZnCl 1e 6-H 98 98 ± 100
3-ZnCl 1a 7 75 53 ± 54
3-ZnCl 2c 8 70 248 ± 249
3-ZnCl 2a 9 69 234 ± 235
3-ZnCl 2d 10 15 255 (decomp)
3-ZnCl 2b 11 67 244 ± 245
4-ZnCl 1b 12 50 215 ± 216
5-ZnCl 1b 13 62 224 ± 225
6-ZnCl 1b 14 11 272 ± 274
4-ZnCl 4-Br 15 59 231 ± 233
5-ZnCl 4-Br 16 31 164 ± 166
5-ZnCl 5-Br 17 59 257 ± 258
5-ZnCl 1d 18 59 94 ± 96
6-ZnCl 6-I 19 21 272 ± 274
5-ZnCl 2b 20 77 112 ± 118
3-ZnCl 20 21 81 130 ± 134

[a] Yields based on isolated product after purification. [b] Melting points
are uncorrected.
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A special highlight of the method was the ease with which
the peculiar pyridylphenanthroline 21 was prepared as a
highly soluble terpyridine analogue.[21] In some cases the zinc
complex of the ligand precipitates at the end of the reaction.
This solid can be readily separated from the organic by-
products after which the zinc cation can be removed by an
EDTA extraction to leave the pure ligand. In addition,
all compounds prepared could be isolated in pure form
by column chromatography on alumina with hexanes/di-
chloromethane. The transferability of reaction conditions
across this series of derivatives indicates that this method is
generally applicable to the synthesis of any aryl/alkyl cognate
that will tolerate the formation/presence of organozinc
halides.[22, 23]

The solubility of all manisyl derivatives in organic solvents
is superior to that of the simple phenyl- or anisyl-substituted
heterocycles (e.g., the solubility of dimanisyl terpyridine 13
compared to that of its anisyl cognate in chloroform, dichloro-
methane, tetrahydrofuran and acetone are 230, 210, 95, and
10 mg mLÿ1 versus 2, >1, >1, >1 mg mLÿ1, respectively).
Facile deprotection of the methoxy group by pyridinium
hydrochloride has been demonstrated for terpyridine 13, and
the resulting phenolic derivative remains soluble. Realkyla-
tion of the phenolic oxygens occurred by standard methods
(e.g. allyl bromide in the presence of potassium carbonate in
acetonitrile) without problems, which makes it clear that these
ligands will be directly applicable to the synthesis of larger
supramolecular coordination complexes and will be instru-
mental in the elaboration of new topological stereoisom-
ers[9, 24] and materials incorporating metal binding sites.[25]

Presumably the solubility of the manisyl derivatives stems
from the orthogonal conformation at the aryl ± pyridyl bond
due to the proximal methyl groups. This conformation should
also prohibit the effectiveness of normal planar conjugation.
Curiously, terpyridine 13 displays a very bright fluorescence
(lem 408 nm; lmax 286 nm) with a quantum yield (Ff) of 0.85 in
acetonitrile and retains fluorescence in water.[26, 27] The
possibility of a type of spiroconjugation or twisted excited
state electron transfer thus arises.[27, 28] The ease of the
synthetic method provided access to a large swath of
structural space and the ability to probe structural depen-
dence of this fluorescence behavior. Classifying the quantum
yields for the 17 representative ligands as high (Ff> 0.75),
medium (0.25<Ff< 0.75), and low (Ff< 0.25), one immedi-
ately sees that manisyl substitution b to the nitrogen atom is a
common structural feature of the high quantum yield group,
13, 17, and 18 (Figure 1).[29] The control comparison of
pyridine 7 with bipyridine 18 shows low and high efficiency,
respectively, and establishes the principal ªminimumº chro-
mophore. The compounds of medium quantum yield (8, 16,
and 21) also bear a manisyl group in the b position.
Substitution only a or only g resulted in quantum yields
significantly lower than 20 %, with the g set slightly more
efficient than the a set. Protonation of the heterocycle results
in a standard red shift of about 30 ± 100 nm in the absorption
spectrum and emission maxima. The presence of zinc as a
complexing metal causes a shift in the spectra of the ligands in
the high- and medium-efficiency group (Table 2). Protonation
and metalation display clean isosbestic behavior. A full

Figure 1. Bar graph of fluorescence quantum yield for heterocycles 7 ± 21.

analysis of the fluorescence behavior as a function of aryl
substitution is underway.

In conclusion, a simple general procedure for the synthesis
of a-, b-, and g-substituted bipyridines, terpyridines, phenan-
throlines, and pyridylphenanthrolines has been developed on
the basis of palladium-mediated coupling of organozinc
halides and halogenated heterocycles. The method has been
showcased with the ªmanisylº (4-methoxyl-2,6-dimethylphen-
yl) group as the aryl prototype. The manisyl group adds
desirable functionality that results in facile chemical elabo-
ration, superior solubility and high fluorescence quantum
yield. The compounds prepared here are representative of a
much larger class of imaginable aryl-substituted heterocycles
that will be important ligands for metal chelation, supra-
molecular complexation, topological isomer construction and
fluorophore generation.[30, 31] Such auspicious spectral and
complexation features point to the use of such compounds in
recognition,[32] sensor,[32] tagging,[33] and catalytic applica-
tions.[34]

Experimental Section

21:[35] To a solution of 3-Br (0.206 g, 0.957 mmol) in THF (20 mL) atÿ78 8C
was added nBuLi (0.60 mL of a 1.6m solution in hexane, 0.96 mmol). To this
mixture was added a 0 8C solution of zinc chloride (0.130 g, 0.96 mmol) in
THF (5 mL) by cannula and allowed to warm to room temperature.

Table 2. Excitation and emission wavelengths of free ligands (L), selected
protonated ligands (L-H�),[a] zinc-bound ligands (L-Zn2�),[b] and fluores-
cence quantum yields (Ff)[c] recorded in CH3CN.

L
lex [nm]

L
lem [nm]

Ff L-H�

lex [nm]
L-H�

lem [nm]
L-Zn2�

lex [nm]
L-Zn2�

lem [nm]

7 285 358 0.05
8 270 405 0.27 356 449 322 486
9 266 380 0.02
10 267 412 0.06
11 270 383 0.04
12 284 412 0.08
13 286 408 0.85 368 535 340 512
14 279 417 0.05
15 282 408 0.02
16 290 409 0.48 350 532 314 516
17 296 408 0.87 350 569 320 491
18 286 410 0.78 310 499 308 496
19 282 414 0.15
21 296 443 0.44 368 541 366 537

[a] Excess CH3SO3H. [b] Excess ZnCl2. [c] Measured relative to 9,10-
diphenylanthracene.
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Parallel Reactions for Enantiomeric
Quantification of Peptides by Mass
Spectrometry**
W. Andy Tao and R. Graham Cooks*

The accelerating trend towards the use of enantiomerically
pure compounds as drugs has underscored the need for new
methods of enantioselective synthesis and chiral analysis.[1]

The capabilities of mass spectrometry for the rapid analysis of
complex mixtures have encouraged its exploration for gas-
phase chiral recognition.[2] This has been achieved by direct
measurement of the relative abundance of two diastereomeric
ions formed by complexing enantiomers and a chiral refer-
ence,[2d,g±i] ion ± molecule reactions of diastereomeric ad-
ducts,[2c,e] or collisional dissociation of diastereomers.[2b]

Quantitative analysis, especially when one enantiomer com-
prises only a few percent of a mixture, remains a challenge.
Competitive reactions of two enantiomers toward a chiral
reference are unavoidably influenced by the relative concen-
trations of the enantiomers, which affects the accuracy of the
measurement of the enantiomeric excess (ee) unless the
selectivity factor s (the ratio of competing rate constants) is

Subsequently, a solution of 20 (0.300 g, 0.638 mmol) and [Pd(PPh3)4]
(0.055 g, 0.048 mmol) in THF (5 mL) was added to the organozinc
intermediate by cannula. The mixture was heated at reflux for 20 h, cooled
to room temperature, and placed in a freezer. The white precipitate was
filtered, washed with cold THF, and dried. The precipitate was dissolved in
dichloromethane and extracted vigorously with saturated aqueous EDTA
and basified with saturated aqueous sodium bicarbonate. The organic layer
was separated, dried over magnesium sulfate, filtered, and evaporated to
afford a white crystalline solid (270 mg, 81%), m.p. 130 ± 134 8C. 1H NMR
(300 MHz, CDCl3): d� 9.05 (d, J� 2.0 Hz, 1H), 9.04 (d, J� 8.0 Hz, 1H),
8.83 (d, J� 8.5 Hz, 1 H), 8.53 (d, J� 2.0 Hz, 1H), 8.41 (d, J� 8.5 Hz, 1H),
8.06 (d, J� 2.0 Hz, 1 H), 7.88 (d, J� 9.0 Hz, 1 H), 7.81 (d, J� 9.0 Hz, 1H),
7.72 (dd, J� 2.0, 8.0 Hz, 1 H), 6.74 (s, 2H), 6.70 (s, 2H), 3.84 (s, 3 H), 3.82 (s,
3H), 2.07 (s, 6H), 2.05 (s, 6 H); 13C NMR (100 MHz, CDCl3): d� 158.85,
158.67, 156.12, 154.37, 151.80, 149.63, 145.51, 144.67, 138.38, 137.83, 137.67,
136.89, 136.41, 135.84, 130.23, 130.01, 128.66, 128.49, 126.62, 122.41, 120.56,
112.88, 112.82, 55.23, 55.20, 21.43, 21.34; UV/Vis (CH3CN): lmax (e)� 240
(6.3� 104), 296 (4.3� 104), 354 (8.7� 103) nm; HR-MS: m/z : calcd for
C35H31N3O2: 525.2416; found: 525.2407.
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