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In recent years, extensive studies on the structure of
cuprates?’ and mechanism?® of their reactions have been
reported. Any reasonable explanation for the selectivity
observed in this substitution requires a clearer picture of
the specific carbamate—cuprate complex. Nevertheless, the

(27) (a) VanKoten, G.; Noltes, J. G. In Comprehensive Organometallic
Chemistry; Wilkinson, G., Stone, F. G. A, Abel, E. W., Eds.; Pergamon
Press: Oxford, 1982; Vol. 2, Chapter 14. (b) Organocopper Compounds.
Gmelin Handbuch der Anorganischen Chemie; Springer-Verlag: Berlin,
1983-1987; parts 1-4.

(28) For reviews on an extensive literature, see: (a) Recent Develop-
ments in Organocopper Chemistry; Lipshutz, B. H., Ed. Tetrahedron
1989, 45, 349-578. (b) Ullenius, C.; Christenson, B. Pure Appl. Chem.
1988, 60, 57. (c) Lipshutz, B. H. Synthesis 1987, 325. See also: (d)
Krauss, S. R.; Smith, S. G. J. Am. Chem. Soc. 1981, 103, 141. (e) Corey,
E. J.; Boaz, N. W. Tetrahedron Lett. 1984, 25, 3063. (f) Bertz, S. H,;
Smith, R. A. J. J. Am. Chem. Soc. 1989, 111, 8276.

level of asymmetric induction in this transformation is
remarkable considering the six intervening bonds between
the original and created stereogenic centers. Further
studies on nucleophile and substrate variability as well as
reagent structure are ongoing.
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An efficient preparation of 2,2:4,4":4’,4"-quaterpyridyl (gpy) from 4,4-bipyridine is described, using palladium
on charcoal. Conditions are described for the selective methylation of the nitrogen atoms present. This has
allowed the preparation of mono- and dimethylquaternary salts that retain an o-diimine site for complexation
to a metal. These quaternary salts can be used to prepare complexes in which metal ions are coordinated to
viologen-type ligands. Electrochemical and spectroscopic measurements of the diguaternary salt derived from
qpy suggest that it behaves as two separate or weakly interacting monoquat moieties.

Introduction

Bipyridines and polypyridines have attracted attention
in recent years as synthetic components of useful redox
reagents such as the viologens! and polypyridyl complexes
of Ru(Il) and other metal ions.?2 These reagents have
played a central role in the study of photoactivated elec-
tron-transfer reactions and in applications to energy con-
version,?® synthetic methodology,* electrochromic devices,?
and related areas.®

As knowledge in these areas has accumulated, a need
has arisen for structurally more complex bipyridines, po-
lypyridines, and analogues so that more specialized systems
can be developed and explored. Of particular interest has

(1) For a most useful compilation of literature dealing with viologens,
see: Ebbensen, T. W.; Manring, L. E; Peters, K. S. J. Am. Chem. Soc.
1984, 106, 7400.

(2) (a) Kalyanasundaram, K. Coord. Chem. Rev. 1982, 46, 159. (b)
Seddon, K. R. Coord. Chem. Rev. 1982, 41, 79. (c) Zamaraev, K. I;
Parman, V. N. Russ. Chem. Rev., Engl. Transl. 1983, 52, 817. (d)
Westmoreland, T. D.; Bozeo, H.; Murray, R. W.; Meyer, T. J. J. Am.
Chem. Soc. 19883, 105, 5952.

(3) (a) Jones, G.; Malba, V. J. J. Org. Chem. 1985, 50, 5776. (b)
Gratzel, M., Ed. Energy Resources through Photocatalysis and Catalysis;
Academic Press: New York, 1983.

(4) Maidan, R.; Goren, Z.; Becker, J. Y.; Willner, 1. J. Electrochem.
Soc. 1977, 124, 1854.

(5) Bruinink, J.; Kregting, C. G. A.; Ponjee, J. J. J. Electrochem. Soc.
1977, 124, 1854.

(6) For a recent review of bipyridines and their applications, see:
Summers, L. A. Adv. Heterocycl. Chem. 1984, 35, 281-374.
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been the incorporation of two or more distinct molecular
entities into a single “supermolecule” and the design of
modified reagents that can participate in transient su-
pramolecular interactions. Examples of systems that have
been studied include the bis- and polyviologens that
function as multielectron acceptors,” metal complexes of
2,2’-bipyrazine, used in the photoreduction of carbon di-
oxide to methane,® and molecules containing a light-ac-
tivated electron-donor site covalently linked to an elec-
tron-aceptor site to explore the role of structure on the
electron-transfer process.? Also of interest are systems
in which the conformational relationship among neigh-
boring pyridyl units is either rigidly defined,'® and/or is
controllable by molecular modification,!! and systems

(7) (a) Furie, M. J.; Nozakura, S. Bull. Chem. Soc. Jpn. 1982, 55, 513.
(b) Deronzier, A.; Balland, B.; Viera, M. Nouv. J. Chem. 1982, 6, 97.

(8) Willner, I.; Maidan, R.; Mandler, D.; Durr, H.; Dorr, G.; Zengerle K.
J. Am. Chem. Soc. 1987, 109, 6080.

(9) (a) Elliot, C. M.; Freitag, R. A.; Blarey, D. S. J. Am. Chem. Soc.
1985, 107, 4647. (b) Aono, S.; Kaji, N.; Okura, I. J. Chem. Soc., Chem.
Commun. 1986, 170. (c) Ram, S.; Baucom, D. A.; Rillema, D. P. Inorg.
Chem. 1986, 25, 3843.

(10) (a) Geuder, W.; Hunig, S.; Suchy, A. Angew. Chem., Int. Ed. Engl.
1985, 22, 489. (b) Mozer, J.; Gratzel, M. J. Am. Chem. Soc. 1983, 105,
6547. (c) Lehn, J. M.; Sauvage, J. M.; Simon J.; Ziessel, R.; Piccinni-
Leopardi, C.; Germain, G.; Declercq, J. P.; Van Meerssche, M. Nouv. J.
Chem. 1983, 7, 413.

(11) Rebek, J.; Trend, J. E.; Wattley, R.; Chokrovorti, S. J. Am. Chem.
Soc. 1980, 102, 4853,
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consligting of pyridine rings incorporated into macrocy-
cles.

Our recent efforts in this area have focused on the use
of diimines that cannot only bind to a metal ion, or be
quaternized, to create a redox-active chromophoric site,
but that also allow for structural elaboration of this site.
Earlier papers from this laboratory dealt with ligands 1
and 2, which were used to prepare complexes of the type
[Ru(bpy),L)]>*. These complexes were elaborated by

exploiting the two nitrogen atoms of L that are not coor-
dinated to the metal. For example, a second ruthenium-
diimine site, could be added, and in this way the first
luminescent “dimers” [(bpy);RuLRu(bpy),;]** were pre-
pared (L = 1 or 2) and characterized.!® Since lumines-
cence measurements afford a powerful probe of excited
state properties, there continues to be considerable interest
in this type of compound, not only in our laboratory but
in others. In this context, Petersen et al.!4 used ligand 1
to prepare [Rul3)%*, an ion containing three free diimine
sites. Using these three sites, novel types of redox cluster
compounds can be made. Petersen’s group synthesized a
cluster with a Ru(II) core and three appended iron centers.
Similarly, Schmehl et al.! prepared a cluster with an jron
core and three appended Ru(II) sites. Vogler and Kis-
slinger'® have bridged Ru(II) and Re(I) centers, and
Rillema et al. have bridged ruthenium and platinum cen-
ters.!” Gritzel et al. recently showed that a binuclear
ruthenium complex served as an efficient water oxidation
photocatalyst.®

In light of the considerable interest in this type of sys-
tem, we continue to develop novel diimine ligands that
allow for the construction of interesting and potentially
useful photocatalysts and redox reagents. It occurred to
us that the quaterpyridyl 8 and its derivatives would
provide a most useful and versatile class of compounds for
extending the types of studies described above, by pro-
viding a basic building block for synthesizing reagents of
a new and potentially useful type for fundamental studies
of electron-transfer processes and of excited state photo-
chemistry. This is the first in a series of papers that will
detail our findings. In it we will describe an efficient
preparation of the free quaterpyridyl ligand and will de-
scribe how it can be selectively monoquaternized to give
ion 4, or diquaternized to give the diquat ion 5. In both

(12) (a) Newkome, G. R.; Nazak, A.; Fronczek, F.; Kawate, T.; Taylor,
H. C. R.; Meade, L.; Mattice, W. J. Am. Chem. Soc. 1979, 101, 4472. (b)
Newkome, G. R.; Kohli, D. K. Heterocycles 1981, 15, 739. (c) Newkome,
G. R.; Lee, H. W. J. Am. Chem. Soc. 1983, 105, 5956. (d) Bell, T. W;
Guzzo, F. J. Am. Chem. Soc. 1984, 106, 6111.

(13) (a) Braunstein, C.; Baker, A. D.; Strekas, T. C.; Gafney, H. D.
Inorg. Chem. 1984, 23, 857. (b) Fuchs, Y.; Lofters, S.; Dieter, T.; Wei Shi;
Morgan, R. J.; Gafney, H. D.; Strekas, T. C.; Baker, A. D. J. Am. Chem.
Soc. 1987, 109, 2691.

(14) Petersen, J. D.; Murphy, W. R.; Brewer, K. J.; Gettliffe, G. 192nd
National Meeting of the American Chemical Society, Anaheim, CA, Sept.
7-12 1986; Abstract. INOR 76.

(15) Schmehl, R. H.; Auerbach, R. A.; Wacholtz, W. F.,; Elliot, C. M,;
Freitag, R. A.; Merkert, T. W. Inorg. Chem. 1984, 25, 2440,

(16) Vogler, A.; Kisslinger, J. Inorg. Chem. Acta 1986, 115, 193.

(17) Sahai, R.; Rillema, D. R. J. Chem. Soc., Chem. Commun. 1986,
1133; Inorg. Chem. Acta 1986, 118, L32.

(18) Rotzinger, F. P.; Munavalli, S.; Comte, P.; Hurst, J. K.; Gritzel,
M.; Pern, F.; Frank, A. J. Am. Chem. Soc. 1987, 109, 6619.
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ions, a diimine site remains free for coordination to a metal.
The spectroscopic and electrochemical properties of the
novel quaterpyridyls will be described. The quaternized
quaterpyridyls provide electron-acceptor viologen-type
sites in addition to the diimine nitrogen atoms. These
features make the synthesis of new supermolecular clusters
of metal-centered photoactive chromophores and redox-
active viologen sites possible.
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Experimental Section

Reagents. 4,4’-Bipyridine was obtained from Aldrich as the
dihydrate. Acetonitrile was either Aldrich gold label or Baker
HPLC grade. Nitrogen gas was dried by passage through a column
of P,0s, followed by a column of CaCl,. All other reagents were
used as received from chemical suppliers without further puri-
fication.

Synthesis of 2,2":4,4:4’,4'’-Quaterpyridyl (3). 4,4’-Bi-
pyridine dihydrate (75 g) and 10% palladium on carbon (10 g)
were heated at 125 °C for 72 h in a round-bottom flask equipped
with a reflux condenser. After this time, the reaction mixture
was cooled, chloroform (300 mL) was added, and the resulting
slurry was refluxed for 30 min. The mixture was then filtered,
and the chloroform was removed by distillation. Acetone (200
mL) was added to the solid residue and the mixture stirred. The
slurry so obtained was filtered to yield a crop of crude quater-
pyridyl product, which was set aside for later purification. The
filtrate was collected and its volume reduced by about 50 mL by
partial evaporation of the acetone, so as to yield more solid. The
solid (a further batch of crude quaterpyridyl) was again collected
by filtration and the filtrate once more reduced in volume. In
this way more quaterpyridy! was obtained. This evaporation/
filtration procedure was repeated several times, the acetone volume
being reduced in 50-mL increments, until the solid obtained was
found to be unreacted starting material (mp 71 °C) rather than
the much higher melting quaterpyridyl (mp > 200 °C). The
batches of crude quaterpyridyl were combined and recrystallized
from ethanol. The procedure results in 5 g of the quaterpyridyl
3, which is a colorless solid: mp 235 °C. C, H, N. Anal. Found:
C, 73.02; H, 4.67; N, 17.02. Caled: C, 73.15; H, 4.91; N, 17.06.

Synthesis of N-Methylquaterpyridinium Iodide (Iodide
Salt of 4). Quaterpyridy! 3 (500 mg) and 1.0 mL of methyl iodide
were dissolved in 70 mL of methylene chloride. The resulting
solution was stoppered and allowed to remain at room temperature
for 36 h. The solution was then poured into chloroform (200 mL),
refluxed for 20 min, and filtered while hot. The yellow solid so
obtained (100 mg) was found to be the diquaternary salt (see next
preparation). The filtrate, containing unreacted qpy and the
monoquaternary salt, was stripped of solvent under reduced
pressure. The monomethyl quaternary salt (250 mg) was purified
by crystallization from chloroform/methylene chloride or from
ethanol. It is a pale yellow solid. C, H, N. Anal. Found: C, 53.25;
H, 3.70; N, 11.66. Caled: C, 53.62; H, 4.07; N, 11.96. To prepare
the hexafluorophosphate salt, 100 mg of the iodide salt was added
to 10 mL water and the solution was heated until all the solid
dissolved. The solution was allowed to cool and then added to
15 mL of a saturated solution of ammonium hexafluorophosphate.
The precipitate was allowed to digest at 0 °C for 2 h, and then
the resulting slurry was filtered. The crude product was washed
with 5 mL of water and then precipitated out of acetone using
ether to yield 200 mg of the monoquaternary hexafluorophosphate
salt.

Synthesis of N"”,N’-Dimethyl-2,2":4,4":4’,4’"-quater-
pyridinium Iodide and Hexafluorophosphate (i.e., Salts of
5). The parent quaterpyridyl 3 (500 mg) and 2 mL of methyl
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iodide were refluxed in 50 mL of acetone for 4 h. The mixture
was then filtered, and the solid so obtained was washed with
acetone (20 mL) and then chloroform (4 X 10 mL). Recrystal-
lization from ethanol yielded 300 mg of yellow platelets of the
diquaternary iodide 5. The substance yielded an immediate purple
color with ferrous ion, confirming that the diimine nitrogen atoms
of rings A and B had survived the quaternization reaction. Anal.
Found: C, 44.03; H, 3.29; N, 9.15. Calcd: C, 44.46; H, 3.29; N,
9.43. The hexafluorophosphate salt of the diquaternary salt could
be obtained in the same manner as for the monoquaternary salt
(above).

Cyclic Voltammetry. Cyclic voltammograms were recorded
on a PAR 173 system, as described in our earlier publications.!3
Millimolar samples were examined in acetonitrile solution with
0.1 M tetra-n-butylammonium tetrafluoroborate as the supporting
electrolyte. The cell was purged with nitrogen for 20 min prior
to the recording of the voltammogram. The working electrode
was a platinum disk, the auxiliary a platinum wire, and potentials
were recorded versus the standard calomel electrode (SCE).

Results and Discussion

Preparation of Qpy. Throughout this discussion we
shall use the abbreviation gpy to refer to compound 3. The
only earlier references to qpy have been a brief report over
50 years agol® to the effect that a high temperature re-
action of 4,4’-bipyridine and iodine had given a trace
amount of a compound to which structure 3 was assigned
and a recent mention in a review!®® that qpy had been
obtained during an attempt to prepare a macrocyclic po-
lypyridyl by treating 4,4’-bipyridine with lithium diiso-
propylamide in tetrahydrofuran. No experimental details
were given, nor have subsequently been published.

We initially contemplated preparing the qpy needed for
our experiments by heating 4,4’-bipyridine with iodine as
described in the older literature. However, the procedure
proved to be quite unsuitable for routine preparations,
involving tedious procedures, and giving extremely low and
nonreproducible yields.

There are several catalytic systems that have been
commonly used to couple simple pyridines in the 2,2’
positions. Of these, Raney nickel and palladium on ac-
tivated carbon are most common.®® In our hands the use
of 10% Pd/C to couple together two 4,4’-bipyridine units,
using the procedure described in the Experimental Section,
provided the routine method of synthesis that we sought.
The main problem with the procedure was the separation
of a relatively large amount of uncoupled 4,4’-bipyridine
from the quaterpyridyl product. Fractional crystallization
was an effective separation procedure because 4,4’-bi-
pyridine has a greater solubility than gpy in all solvents
tested. Pure qpy could easily be obtained, and unreacted
4,4'-bipyridine was recovered and recycled. The qpy
product proved to be identical with that obtained from the
older Burstall method. Its mass and proton NMR spectra
are consistent with structure 3.

Quaternization of Qpy. One of the attractive features
of qpy as a building block for creating interesting pho-
toactive or electroactive substances is the diversity of
nitrogen sites, which, with judicious choice of synthetic
procedures, allows the binding of metal ions to the diimine
nitrogen atoms of rings A and B and functionalization of
these complexes through the nitrogens of rings C and D,
too far apart to act in a chelating fashion. One avenue for
functionalization is quaternization. Quaternization could,
in principle, be done either prior to chelation to a metal

(19) (a) Burstall, F. H. J. Chem. Soc. 1938, 1662. (b) Kaufmann, T.
Angew. Chem., Int. Ed. Engl. 1979, 18, 1.

(20) (a) Kende, A. S.; Lieberskind, L. S.; Braitsch, D. M. Tetrahedron
Lett. 1975, 3375. (b) Zembayashi, M.; Tameo, K.; Yoshida, J.; Kumada,
M. Tetrahedron Lett. 1977, 4089,
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through A and B nitrogens, or after such a chelation.

To establish that the first of these strategies had prom-
ise, we needed to show that quaternization could be carried
out selectively on rings C and D, leaving the nitrogens on
rings A and B undisturbed and available for coordination
to a metal ion. We reasoned that this goal was realistic
because the two nitrogen atoms of rings A and B are en-
vironmentally similar to those in 2,2’-bipyridine, which is
fairly resistant to quaternization except under rather
forcing conditions,? while those in rings C and D are
similar to those in 4,4’-bipyridine, which are alkylated
under mild conditions.?> Thus one expects qpy to be
selectively quaternized under mild conditions on rings C
and D.

To test this, we treated qpy with methyl iodide in a
variety of solvents. In refluxing acetone with excess methyl
iodide, a clean yield of a beautiful yellow crystalline di-
quaternary salt was obtained, which we have been able to
establish has structure 5. It is more difficult to prepare
a clean sample of the monoquaternary salt (the iodide salt
of 4). We initially attempted its preparation using 1 equiv
of methyl iodide, using the same experimental conditions
used to prepare 5. This procedure yielded a mixture of
diquat 5, monoquat 4, and unreacted starting material.
Different solvents were investigated to improve the se-
lectivity of the reaction. In relatively nonpolar solvents
(hexane, ether) the reaction is too sluggish to be useful.
In more polar solvents (chloroform, acetone, and alcohols),
there is appreciable production of diquat. Best results were
obtained by using methylene chloride as described in the
Experimental Section. The monoquaternary salt so iso-
lated has very attractive solubility properties. It is rea-
sonably soluble in both aprotic organic solvents such as
chloroform, as well as in protic solvents such as water and
alcohols. The successful mono- and bismethylations on
the nitrogen atoms of rings C and D establish that simple
methodology can be used to discriminate between the
different nitrogen atoms present in the quaterpyridyl
molecule. Interestingly both the quaternary salts are water
soluble, thus making them attractive reagents for analytical
determinations of metal ions (most diimines, especially
most polypyridyls, have limited water solubility).

Harsh alkylating conditions are required to proceed
beyond the bisquaternization level. For example, treat-
ment of gpy with trimethyloxonium tetrafluoroborate in
1,2-dichloroethane at 150 °C yielded a tris-quaternary salt
(NMR showed nine methyl protons in the expected 2:1
ratio). It is an extremely hygroscopic salt, exhibiting
similar anomalous behavior to that of other highly qua-
ternized salts,?® e.g., giving highly colored solutions in
almost all solvents and showing evidence for facile for-
mation of radical species. Quaternization of all four ni-
trogens of qpy to produce 6, a potentially interesting
“dimer” of methyl viologen, proved impossible under all
conditions tried.

Carbon-13 NMR. 3C NMR of Qpy. The 300-MHz
decoupled 3C NMR spectrum of 2,2":2,4":2/,4”’-quater-
pyridine is shown in Figure 1. The spectrum shows the
expected eight resonances. The values for the resonances
of simpler pyridines used as models to interpret the qpy
spectrum are listed in Table I. The numbering system
used in this discussion and in Table I is illustrated in
Figure 1.

In general, carbon atoms meta to the nitrogen atom in
pyridines give signals in the range 118-124 ppm. In the

(21) See ref 6 (above).
(22) Johansen, O. Austr. J. Chem. 1981, 34, 981.
(23) Curphey, T. J.; Prasad, K. S. J. Org. Chem. 1972, 37, 2259.
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spectrum of 2,2:2,4":2’,4"”-quaterpyridine, there are three
resonances in this range, 119.0, 121.5, and 121.7, and three
corresponding meta carbons in the quaterpyridyl (C3(3'),
C5(5), and C5/(C5"")). Resonances in the 135-146 ppm
range may be assigned to carbons in the 4-positions of
pyridine rings such as C4(4’) and C4”/(4’”) in 3, and the
resonances for these two carbons are at 145.6 and 146.6
ppm in the 3C NMR spectrum of the quaterpyridyl. The
carbon atoms ortho to the nitrogen atom (C2(2’), C6(¢’),
C2(2""), and C6(6’"") are further downfield, ¢ values in
excess of 150 ppm, and there are three in the spectrum at
150.0, 150.6, and 156.6 ppm. Thus the 13C NMR is con-
sistent with the structure 3 for the quaterpyridyl.

13C NMR of [QpyMe](I'). The decoupled **C NMR
spectrum of [QpyMe](I") is shown in Figure 2, and the
chemical shifts are summarized in Table II. In the
spectrum of [QpyMel(I") there are 17 resonances: one for
the methyl group (48.1 ppm), six in a meta relation to a
pyridine nitrogen atom (118-124 ppm), six ortho (147-156
ppm), and four para (135-146 ppm). The spectra confirm
that there is a single methyl group in the molecule. The
pattern of 17 resonances could be produced by di-, tri-, or
tetraquaternized species. The spectrum is consistent with
the structure 4 for the ion, but does not exclude the pos-
sibility that the methyl group is on ring A and not C.
(However, other data indicate that this is not the case, see
later discussion).

13C NMR of [QpyMe,](I"),. The decoupled carbon
spectrum of [QpyMe,](I7); is shown in Figure 3, and the
13C NMR chemical shifts for Qpy, [QpyMe,](I"),, and
[QpyMe](I") are summarized in Table II. In the spectrum
of [QpyMe,](I7),, there are the expected nine resonances,
these include one for the methyl group (48.1 ppm), six in
the range 118-124 ppm for carbons in a meta relation to
a pyridine nitrogen atom, six ortho (147-156 ppm), and
four para (135-146 ppm). The presence of nine resonances
is consistent with structure 4, but again by itself does not
confirm that bismethylation occurs on rings C and D.

Proton NMR. 'H NMR of Qpy. The 'H NMR
spectrum of 2,2:2,4”:2'4"”-quaterpyridine is shown in
Figure 4. The protons on ring C (D) are of the type
AA’XX’. Protons H3” and H6” form an apparent doublet
(rel area 4) at & 7.65. Values for the coupling constants
are likely to be of the same order as in other pyridines
(Table III). Coupling constants of adjacent protons J/;
and J; ¢ are over three times the values for protons coupled
across two nuclei (J3 5 and J4g). Thus Jy 5 is expected to
be large compared to Jy 5 and the AA’XX’ pattern closely
resembles the A,B, spectrum of 4,4’-bipyridine. The
corresponding doublet expected for protons H2” and H6”
in the quaterpyridy! is not resolved by our instrument and
appears under the multiplet (rel area 6) at § 8.68. Anal-
ogous protons, H2(2) and H6(6"), in the spectrum of
4,4’-bipyridine appear at a similar § value (8.70).

The three protons on ring A produce a spectrum of the
AMX type, analogous to the AMXY spectrum of 2,2’-bi-
pyridine. Protons H6(6’) are the furthest downfield, ortho
to the nitrogen atom on a disubstituted ring, and due to
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Figure 1. Decoupled 300-MHz *C NMR spectrum of Qpy (8)
in CDCl,.

Table I. 3C NMR Resonances of Bipyridines?

C Pyr 2,2"-bpy 2,4’-bpy 4,4’-bpy
2 148.9 155.7 153.6 150.1
3 123.2 120.6 120.0 120.8
4 135.5 136.4 136.2 144.8
5 123.2 123.2 123.0 120.8
6 148.9 148.7 149.3 150.1
2 155.7 149.6 150.1
3 120.6 120.2 120.8
4 136.4 145.5 144.8
5 123.2 120.2 120.8
(o 148.7 149.6 150.1

¢ CDCl, solutions, measured in ppm relative to TMS.

Table II. 3C NMR Resonances® for Qpy,’ [QpyMe]*(I'),
and [QpyMe,]**(I'),°

C Qpy [QpyMel*(I)  [QpyMey]**(I7),
1 119.1 48.1 48.1
2 121.5 118.3 119.3
3 191.7 118.8 123.3
4 145.6 121.6 125.7
5 146.6 122.4 143.0
6 150.0 122.5 146.6
7 150.6 125.5 151.3
8 156.6 142.4 152.2
9 144.5 156.3

10 145.9

11 146.5

12 150.7

13 151.0

14 151.1

15 152.1

16 155.6

17 156.4

% Measured relative to TMS. ®Saturated solution in CDCl,.
¢ Saturated solution in DMSO-dg.

Table I1I. Coupling Constants for Bipyridines®®

Jo 2,2'-bpy 3,3"-bpy 4,4’-bpy
J2,3 5A0b
Iy 8.0

Jys 7.6 7.8

Jsg 4.8 4.9 5.0
Jys 1.3

Jye 1.8 1.6

3 Values given in Hertz, for samples in CDCl;. * Authors report
only an approximate value.
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Figure 2. Decoupled 300-MHz !3C NMR spectrum of
(QpyMe]*(I") (4) in DMSO-ds.
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Figure 3. Decoupled 300-MHz '¥C NMR spectrum of

[QpyMe,)2*(I), (5) in DMSO-dj.
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Figure 4. 'H NMR spectrum (300-MHz) of Qpy (3; in CDCls.

the large magnitude of Jg 5, compared to Ji 3, appear as a
doublet at & 8.80 (rel area 2). Proton H5 is assigned to the
quartet (rel area 2) at 6 7.65. The assignment of protons
H3(8') is based on the analogous protons in 2,2’-bipyridine.
In the spectrum of 2,2’-bipyridine, protons H3(3’) are
further downfield than H5(5) at 6 8.40 and 7.23, respec-
tively (Table IV). The larger than expected shift is

Morgan and Baker

Table IV. Proton NMR Frequencies
Qpy [QpyMel]* [QpyMe,)**
(3) 4)

H (5) 2,2-bpy®  4,4’-bpy®
H2 8.70
H3 8.68 5.71 8.91 8.40 7.49
H4 7.74
H5 7.68 8.00 8.20 7.23 7.49
Hé 8.80 8.87 9.02 8.65 8.70
H2
H3 8.68 8.56 8.91 8.40 8.70
H¢' 7.74
H5' 7.60 7.81 8.20 7.23 7.49
Hé’ 8.80 8.75 9.02 8.65 8.70
H2” 8.68 9.08 6.16
H3” 17.65 8.60 8.71
H4/’

H5” 17.65 8.60 8.71
Heé” 8.68 9.08 9.16
H2'” 8.68 8.67 9.16
H3” 7.65 7.75 8.71
H4///

H5” 17.65 7.75 8.71
Hé'” 8.68 8.67 9.16

¢Solutions in CDCly, bpy = bipyridine.
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Figure 5. 'H NMR spectrum (300-MHz) of [QpyMe,]2*(I), (5)
in DMSO-d,,

thought to be due to a transoid conformation? in which
the lone pairs on the nitrogen atoms deshield protons
H3(3’) relative to H5(5’). The protons H3(3’) on the
quaterpyridyl are likely to be subject to the same effect,
and we believe them to lie under the multiplet (rel area
6) at 6 8.68. The proton chemical shifts for qpy are sum-
marized in Table IV. Based on the ®C and 'H NMR
spectra, we assign the structure 3 to the quaterpyridyl.

'H NMR of [@pyMe,](I");. The proton NMR spec-
trum of [QpyMe,](I7), is shown in Figure 5. The num-
bering system used is illustrated in Figure 5, and Table
IV summarizes the § values for the signals in the spectrum.
Integration of the spectrum of [QpyMe,](I"), indicates that
there are three aliphatic protons (6 4.41) and 14 aromatic
protons. The far downfield position of the singlet confirms
that the methyl group is located on a quaternized nitrogen
atom, and not on a ring carbon.

As is the case with the parent quaterpyridyl, protons on
ring C (D) are of the type AA’XX’, and those on ring A
(B) are AMX. Protons on ring C form apparent doublets

(24) Castellano, S.; Gunther, H.; Ebersole, S. J. Phys. Chem. 1965, 69,
41686.



2,2:4,4":4' 4" -Quaterpyridyl

oo
/ [ JHL/’( y
e O\
[(rer71r7 171717 17T 7T T T T T T T T I TTITT ]

9.4 9.2 8.0 8.8 8.6 8.4 8.2 8.0 7.8 7.6

Figure 6. 'H NMR spectrum (300-MHz) of [QpyMe]*(I") (4) in
DMSO-d,.

at 6 8.71 (rel area 4) and 6 9.16 (rel area 4). The farthest
downfield of these doublets at § 9.16 is assigned to protons
H2” (6”), and protons H3”(5”) are in the upfield doublet
at 6 8.71. In contrast to the parent quaterpyridyl, the three
protons on ring A are clearly resolved in the spectrum. The
farthest downfield of these is H6(6’) (doublet rel area 2)
at 6 9.02. The protons farthest upfield in the aromatic
region are H5(5’) at & 8.20. The signal is broadened in
comparison to that for H6(6’), and the splitting in the
AMX quartet more evident. This is because the meta
coupling constant /3 is larger than the para, J35. The final
proton of the trio, H3, is nearly a singlet (rel area 2) at 6
8.91, due to the extremely small magnitude of both J35 and
I3
The 3C NMR spectrum indicates that the molecule
contains two environmentally equivalent methyl groups,
that is, on either rings C and D, or on A and B. The
important protons regarding the position of the methyl
groups to rings C and D are those protons ortho to the
nitrogen atoms, protons H6(6’) on rings A and B and
H27{2""), H6”(6””’) on rings C and D. In the spectrum of
the parent quaterpyridyl, the ortho protons associated with
rings A and B are the farthest downfield at ¢ 8.80, with
the ortho protons on rings C and D at 6 8.68. In the
spectrum of the diquat, the protons in the ortho positions
of rings C (H2”(6”)) and D (H2'”(6""’)) are further down-
field than those on disubstituted rings A and B. If qua-
ternization were to occur on rings A and B, the protons,
in the spectrum of the diquat, on the disubstituted rings
A and B (protons H6(6")) would be the farthest downfield
in the spectrum, not those on rings C and D.

'H NMR of [QpyMe]*(I"). The spectrum of
[QpyMe]*(I") is shown in Figure 6. Integration of the
spectrum indicates the presence of three aliphatic protons
(singlet 6 4.40) and 14 pyridine protons. The position of
the singlet is in the range expected for protons on a methyl
quaternized pyridine ring. Figure 6 illustrates the num-
bering system used in the following discussion, and it is
the same as that used for the interpretation of the spec-
trum of the diquat and the parent quaterpyridyl. Protons
on rings C and D are of type AA’XX’, and rings A and B
contain protons of type AMX. As in the spectrum of the
diquat, protons H2”(6”) are the farthest downfield (6 9.16),
and these protons are observed at 6 9.08 (doublet rel area
2) in the spectrum of 4. The corresponding doublet (rel
area 2) for the protons H3”/(5”) is at & 8.60.

The protons on ring D, H2"(6”’) and H3"/(5"”'), appear
in the pair of doublets (rel area 2) at 8.67 (rel area 2) and
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Figure 7. Mass spectrum (70eV) of Qpy (3).

d 7.75 (rel area 2). The splitting of the doublet into a
quartet is more obvious in the protons on ring D than C
and allows the assignments of the quartets at 6 8.67 and
7.75 to be coupled to one another, and independent of the
doublets at § 9.08 and 8.60. The H6 signal in the spectra
of the monoquat is the farthest downfield of any signal on
rings A and B at 6 8.87 (rel area 2). Protons H3 and H3’
are likely to appear as singlets, as are the analogous proton
in the spectrum of the diquat, and H3 will be farthest
downfield at 6 8.71 (rel area 1). The signal for H6' is at
86 8.57 (rel area 1). The last two assignments are of the
distorted doublets (rel area 1) at § 8.00 and 7.81, due to
H5 and H¥, respectively.

On the basis of a similar argument to that above for the
diquat, ortho protons on ring C (H2”(6”) are further
downfield than ortho protons on ring A (protons H6’) as
a result of quaternization occurring on ring C, and the
proton NMR spectrum is consistent with the structure 4.

Mass Spectrum of Qpy (3). The dominant fragmen-
tation pathways in 2,2’-bipyridine?® and 4,4’-bipyridine26
are the expulsion of H*, CN*, HCN, and to a lesser extent
C,H,. The base peak in both the mass spectra is the
molecular ion, and hydrogen atom expulsion from the
molecular ion gives the largest fragments (M —~ 1) in both
4,4"-bipyridine? (44% of base peak) and 2,2’-bipyridine®
(42%). Expulsion of HCN from the molecular ion is fa-
vored over the loss of CN* in both 4,4’-bipyridine® (10%
to 6%) and 2,2-bipyridine® (20% to 10%). The expulsion
of HCN greatly dominates the expulsion of H*, CN* or
C,H, from the M — 1 ion. High resolution mass spectra
were used to discriminate the loss of CN* from the loss of
C,H,, and it was found that expulsion of CN* dominates
in both 2,2’-bipyridine® and 4,4’-bipyridine.? Pyridine~
pyridine bond fission was found to be an important
pathway in the fragmentation of 2,2’,2"-terpyridyl.?’
Doubly charged molecular ions are also significant in the
spectra of 4,4’-bipyridine® (3.8%), 2,2'-bipyridine® (4.0%),
and 2,2',2”-terpyridyl (5.8%).%7

The 70-eV mass spectrum of 2,2:2,4":2’ 4""’-quater-
pyridine (3) is shown in Figure 7. The base peak in the
spectrum is molecular ion C,H;,N,* at m/e 310. The

(25) Keats, N. G.; Summers, L. A. J. Heterocycl. Chem. 1976, 13, 369.

(26) Keats, N. G.; Summers, L. A. J. Heterocycl. Chem. 1976, 13, 753.

(27) Osbourne, A. G. Spect. Lett. 1972, 10(10), 777.

(28) De Koning, A. J.; Budzelaar, P. H. M.; Boersma, J.; Van Der
Kerk, G. J. M. J. Organomet. Chem. 1980, 199, 153-169.

(29) Spotswood, T. McL.; Tanzer, C. I. Aust. J. Chem. 1967, 20,
1227-42,
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Figure 8. Ultraviolet spectra of 1 X 10° M solutions of com-
pounds (A) 3, (B) 4, and (C) 5.

largest fragment (Scheme I) results from the loss of a
hydrogen atom from the molecular ion CyH3N,* (25%
of the base peak). Loss of HCN then gives C;gH;Ns*, m/e
282 (18%). Expulsion of HCN from the molecular ion
results in CigH;sN;*, m/e (15%), and of CN* results in the
CgHi4Ns* at m/e 284. Tt is likely that loss of C,H, from
the molecular ion also contributes to this peak. The peak
at m/e 155 (20%) results from C-C bond fission, giving
4,4-bipyridinium cation C,,H,N,*, and it is also likely that
the M?* ion CooH,,N,?* contributes to the intensity of this
peak. The bipyridinium cation then expels HCN to give
the ion CoHgN*, m/e 128 (56%).

Absorption Spectra. Figure 8 shows the absorption
spectra of 3, 4, and 5 (the latter two as their iodide salts).
The parent quaterpyridyl 3 shows strong bands at 290 nm
and 238 nm. These are shifted to the red in the corre-
sponding spectra of the mono- and diquaternary salts.
However, while the spectrum of the monomethyl quater-
nary salt is broader than that of the parent quaterpyridyl,
that of the dimethyl quaternary salt is essentially identical
with that of the parent quaterpyridy! except for the red
shift. In fact, the general appearance of the spectrum of
the monomethyl salt in the region 320-230 nm can be
approximated by summing the spectra of the parent
quaterpyridyl and the dimethyl salt and dividing the in-
tensity by two. This suggests that the 4,4-bipyridine and
4,4-monomethylpyridinium units contribute independently
to the spectra.
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Figure 9. Visible spectra of ferrous complexes of 3, 4, and 5.

Complexation. In order to test the chelating properties
of qpy and its methylated complexes, as well as to confirm
the availability of diimine nitrogens for complexation,
ferrous complexes of 3, 4, and 5 were prepared. All three
form deeply purple colored complexes upon addition of
ferrous ammonium sulfate to methanolic solutions of the
quaterpyridyls. The absorption spectra, which consist of
MLCT bands, show a shift to lower energy with the ad-
dition of each methyl group (Figure 9). Complexation to
ruthenium(II) is also possible. This creates luminescent
complexes to be described in later papers of this series.

Cyclic Voltammetry of 4 and 5 as Their Hexa-
fluorophosphate Salts. The voltammogram of the mo-
nomethyl salt of qpy shows one reversible couple at E°’
= —0.79 V if the scan is performed from 0 to -1.2 V (Figure
10a). The position of the wave is independent of scan rate,
and the ratio of the current for the cathodic half wave to
the anodic is 0.98. In addition, there are no changes to the
voltammogram after 20 scans at 100 mV/s. Extending the
lower scan boundary to —2.1 V reveals several additional
waves. The first on the anodic scan occurs at -1.66 V. The
voltammogram, with these scan limits, quickly decomposes
after a few scans at 100 mV/s. The ratio of the cathodic
current to the anodic on the first wave (E° = -0.79 V)
decreases with each scan. The diquaternary salt shows two
anodic and two corresponding cathodic reductions when
scanned from 0.0 to -1.2 V (Figure 10b). The cathodic
waves are at —0.84 and —0.92 V, and the cathodic portions
are approximately —0.85 and —0.71 V. Because of the close
spacing of these waves, there is some uncertainty in the
calculation of their half-wave (E°’) potentials. The ratios
of the currents (cathodic to anodic) on both the waves is
in excess of 0.98, indicative of a reversible process. E°’
values for the waves are —0.78 and —0.86 V, respectively.
The positions of the waves along the potential axis are
independent of scan rate. Multiple scans produce no
changes in the voltammogram. Scanning from 0.0 to -2.1
V gives results similar to that of the monomethyl salt, the
current on the cathodic scan decreases, eventually falling
into the base line, upon multiple scans at 100 mV/s.

The electrochemical behavior of the monoquat ion 4 is
similar to that for N-methyl-4,4’-bipyridinium cation
(under identical conditions as for 4), in which the first
reduction occurs at —0.84 V (measured vs the SCE). This
potential is, within experimental error, the same as the first
reduction in the monoquat (Scheme II). The diquat, ion
5, contains two reductions in this potential region, at —0.84
and —0.92 V (Scheme II). The first reduction in the diquat
forms the radical cation 8, which can be further reduced
to species 9. Using simple resonance considerations, the
species 9 must exist as a diradical. The electrochemical
behavior of 5 is dissimilar to that of other viologens, such
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Figure 10. Cyclic voltammograms of (a) monomethyl quaternary salt 5 in acetonitrile and (b) dimethyl quaternary salt 6 in acetonitrile,

conditions as described in Experimental Section.

Scheme 11
cHy

as methyl viologen (Scheme III). In the CV of methyl
viologen the two reduction waves are well spaced, and fully
reversible. The diquat 5 behaves as two independent
N-methyl-4,4-bipyridinium units.

Conclusions

We report an efficient preparation of 2,2":4,4":4’,4"'-
quaterpyridyl and have found conditions for selective
quaternization based on the differing reactivities of the

Scheme III
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different types of nitrogen atoms present in the ligand.
The redox chemistry of the dimethyl quaternary salt of
the quaterpyridyl was explored by cyclic voltammetry.
Addition of two electrons produces a diradical. This es-
tablishes the potential for the preparation of metal com-
plexes in which two electrons can be carried on a single
ligand. The quaterpyridyls described here will provide
excellent building blocks for the construction of super-
molecules containing clusters of photoactive and redox-
active sites.
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