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Abstract: Derivatives of 2,26',2":2",6"'-quaterpyridine have been prepared which are asymmetrically substituted
with alkyl groups in the 4- or 6-position and with various substituents in #podition. These ligands form dicopper-

() double helicates which have been investigatediyand3C NMR spectroscopic techniques. The formation of
helical isomers is shown to depend on the intramolecular interactions between the constituent helicands of the double
helicate; 4methyl substituents undergo steric interactions with the 4-substituent of the partner helicand, leading to
a modest selectivity, although bulky 4-substituents decrease selectivity. In the absersebstiduents, the smaller

pitch permits steric interactions between like 4-substituents of the component helicands. In each case, formation of

the head-to-head helicate isomer is preferred.
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a classical example of self-assembly in metallosupramolecular H-H
systems:”/ ) ) . ) ) Figure 1. Head-to-head and head-to-tail isomers of a dinuclear double

The further elaboration of this motif necessitates the introduc- pelicate.
tion of self-organizing elements into the component helic@nds.

This, in turn, depends on mutually interactive functional groups yitimately provide functionalization for the construction of
in spatially proximate helicands which can control self-organiza- stryctures having a higher degree of organization, e.g., dimeric
tion through the metal center. One example of this is the ang trimeric assemblies of double-helical complexes.
selective assembly of helicates from helicands having dissimilar e approach exploits helicands having metal-binding do-
termini, resulting in the formation of one of two possible mains capable of addressing dissimilar metal atoms in an
helicates. In its broadest sense, the self-assembly ofdirectionalasymmemC fashiof-10 Although these studies have been
helicates encompasses the assembly of two dissimilar ligands najimarked by the isolation and characterization of the hetero-
akin to the situation found in some dimeric biooligomers, but a metalic complexes, these substances have only rarely exhibited
more immediate goal is the assembly of two like directional ggff-organizatio. Other investigations have been concerned
helicand ligands. In this latter case, two possible isomers may yth helicands bearing symmetrically disposed chiral centers
be formed. In one, the head-to-headHtid isomer, the two  \yhich give helicates dissymmetrical with respect to the mirror
like ends lie at the same end of the helicate. In the other, the plane passing through their midpoirts.Inasmuch as these
head-to-tail oHT isomer, they lie at opposite ends (see Figure gypstances give a single helical enantiomer, they are self-
1). Each of these isomers may exist in enantiomeror M organizing, although they are not suitable for investigating
form. The achievement of such directional selectivity could girectional helication.

Our approach to helical directionality is based on the assembly
of double-helical dicopper(l) complexes of asymmetrically
substituted 2,26',2":2"",6""-quaterpyridine (qtpy) ligands. The
metal atoms in the complexes are approximately tetrahedrally
coordinated, and directionality is achieved through steric

Introduction

The formation of double-stranded metallosupramolecular
helicates from ligands with multiple diimine binding domains
and transition metals of various binding geometries has become

H-T
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Scheme 1. Preparation of Ketone Precursbrs
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aKey: (a)n-BuLi, Et;O, —=70°C; (b) THF,—25°C; (c) 2 M HCI,
60 °C, 2 h; (d) CHC(O)N(CHs),, —25 °C; (e) MeMgl, EtO, —15—
+25°C; (f) 2 KO+-Bu, CS, 2Etl, THF, 25°C; (g) HC(OCH)2N(CHs)a,
reflux.

allosteric approach has also been used by others in the
preparation of diastereogenic mononuctéand dinucleds?
metal complexes of diimine ligands. In an earlier paper, we
demonstrated that one of thiH or HT isomers of the double-
helical dicopper(l) complex dfb is formed in modest excess.

In later work, ligandlc was shown to unambiguously form
exclusively theHH helical compleX?® In this paper, the
preparation and characterization of a range of asymetrically-
substituted qtpy ligands and their dicopper(l) complexes are
described.

Preparation of Quaterpyridine Ligands

The synthesis of ligands called for the use of 6-acetyl-2,2
bipyridine @). Although the palladium-catalyzed coupling of
6-bromo-2-acetylpyridine and 2-(trimethylstannyl)pyridine af-
fords this compound in satisfactory yiéltthe necessity of using
fresh tetrakis(triphenylphosphine)palladium and the cost of the
associated reagents are disadvantageous. Instead, we have fou
that the lithiation of 6-bromo-2-(2nethyl-1,3-dioxolan-2-yl)-
pyridine @) followed by nucleophilic addition of the lithio
compound to ethyl 2-pyridyl sulfoxidg according to the
protocol of Oaé” and acidic hydrolysis affordedlin 66% yield
(see Scheme 1). The ketones 2-acetyl-4-methylpyridipar(d
2-acetyl-4-ethylpyridine & were obtained in 37% and 76%
yields, respectively, by reaction BEN-dimethylacetamide with
the corresponding 4-alkyl-2-lithiopyridines. The application of
this methodology to the preparation of 2-acetyl-6-methylpyridine
(7) gave this substance in 24% yield in a mixture of the starting
bromide and the desired product. The derivative of this
compound used in the appropriate qtpy synthesis could,
however, be easily isolated in a pure statéd€ infra).
Treatment of 4tert-butyl-2-cyanopyridin& with methylmag-
nesium iodide afforded 2-acetylté+t-butylpyridine @) in 45%
yield.

(14) Heirtzler, F. R.; Constable, E. C.; Neuburger, M.; Zehnder, M.
Supramal Chem 1995 5, 197-200.

(15) Heirtzler, F. R.; Constable, E. C.; Neuburger, M.; Zehnder,JM.
Chem Soc, Chem Commun 1996 933-934.

(16) Germanas, J. P.; Kaiser, E. Biopolymers199Q 29, 39—-43.

(17) Uenishi, J.; Tanaka, T.; Wakabayashi, S.; Oa@Hssphorus Sulfur
1983 16, 167-180.

(18) Caddy, D. E.; Utley, H. PJ. Chem Soc, Perkin Trans 2 1973
1258-1262.
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The 4-(alkylthio)quaterpyridinedb—e were prepared from
these components through cyclization of the thioketene hemi-
acetals9—11. These compounds were in turn prepared from
the corresponding ketones analogous to Potts’s preparation of
derivatives of 2-acetylpyridin® Thus, treatment o4, 5, or 7
with carbon disulfide and 2 equiv of ethyl iodide in the presence
of 2 equiv of potassiumert-butoxide afforded the diethyl
thioketene hemiacetatkl, 9 and 10 in 69%, 81%, and 48%
yields, respectively, as pure, crystalline materials. The reaction
of ketones6 and8 under similar conditions gave oily mixtures
of compounds which were not further investigated. The
enaminoned2 and 13, cyclization precursors to the quaterpy-
ridines 1h and 1i, were obtained in 61% and 85% yields,
respectively, by treatment of the ketorfesind 7 with excess
N,N-dimethylformamide dimethyl acetal under refléx.

R! R?
al 4-H SMe
b| 4-Me | SEt
c| 4-Et SEt
d| 4tBu| SEt
el 6Me | SEt
f| 4Me | SO,Et
g| 4Me | CN
h| 4-Me H
i| 4tBu| H

Treatment of the pyridine or Z;bipyridine ketoned, 6, and
8 with 2 equiv of potassiuntert-butoxide followed by the
addition of thioketene hemiacetes-11 or 2-(3,3-bis(meth-
ylthio)-1'-oxoprop-2-en-1-yl)pyridine gave after a variation in
the procedure of Pottsthe alkyl-substituted quaterpyridines
la—e (see Scheme 2). Similarly, addition of solutions of the
enaminoned 2 and 13 to solutions of ketoned4 and8 in the
presence of potassiurtert-butoxide! afforded 1h and 1i,

rgaspectively.

Secondary substituent transformations were demonstrated
with gtpy 1b. Thus, treatment with 2 equiv af-chloroper-
benzoic acid gavéf. This compound was smoothly converted
to 1g upon heating with an excess of potassium cyafide.

Quaterpyridine Characterization

All gtpy derivatives were isolated as crystalline materials,
although extensive column chromatographic purification of the
cyclization products was sometimes required. The purity of
these substances is attested to by their analytical data. All
showed strong molecular ions in their electron impact mass
spectra (EI-MS), the exception being the 4-methyéthylsul-
fonyl derivative 1f (30% intensity).

The 'H NMR spectra of these compounds reflect their low
molecular symmetry (see Table 1). Assignment was made by
COSY techniques and by comparison with literature values for

(19) Potts, K. T.; Gheysen Raiford, K. A.; Keshavarz-K, MAm Chem
Soc 1993 115 2793-2807.

(20) Lin, Y.-i.; Lang Jr., S. AJ. Heterocycl Chem 1977, 14, 345—
347.

(21) Jameson, D. L.; Guise, L. Hetrahedron Lett1991 32, 1999
2002.
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1982 47, 3027~-3038.
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Scheme 2. Preparation of Quaterpyridinds—i2
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aKey: (a) 2 KOt-Bu, THF, then NHOAc, AcOH, reflux; (b) 2
equiv of mCPBA, CHClI,, 25°C, 12 h; (c) KCN, DMF, reflux, 4 d.

gtpy 22 4',4"-bis(methylthio)-qtpy:® and various 44"-diaryl-
gtpy derivative$* Separate absorptions for all of the protons
of the opposing terminal and internal pyridine rings are
observed, the exception being compoutdsand1li, for which
overlap of H-5/5-8" and H-6/H-6" occurs.

The 4-alkylthio derivativesla—d exhibit similar absorption
patterns in the aromatic regions (see Figure 2). The signals
from given protons of the second, third, and fourth pyridine
rings occur at virtually identical shift values in each case. Those
from the alkyl-substituted rings, in particular H-3 and H-6, show
minor shift differences which can be attributed to the type of
alkyl substitution in the particular compound. The coupling
constants’Jy 4 are in the 7-8 Hz range, the exception being
those for the H-5H-6 and H-5'—H-6"" systems, which lie
between 4 and 5 Hz. The coupling constéty was observed
to be 1.7~1.8 Hz in all cases. These hallmarks are also
exhibited in the spectra of the derivativésand 1g, the only
major differences being attributed to the presence of the electron-
withdrawing groups in the'4position, which results in a strong
downfield shifting of the signals from H-Znd H-5.

The spectra of the 4-monosubstituted derivati¥hsand 1i
are significantly more complicated, although COSY techniques
allow identification of many absorptions. In particular, the
resonances of H-3 and H-6 on both terminal pyridine rings can
be discerned. Interestingly, of all of the qgtpy derivatives
investigatedyi alone showsH3 > 616, Overall, however, this

(23) Constable, E. C.; Elder, S. M.; Hannon, M. J.; Martin, A.; Raithby,
P. R.; Tocher, D. AJ. Chem Soc, Dalton Trans 1996 2423-2433.

(24) Constable, E. C.; Hannon, M. J.; Neuburger, M.; Smith, D. R,;
Wanner, V. F.; Whall, L. A.; Zehnder, Ml. Chem Soc, Dalton Trans
Manuscript in preparation.

IH NMR Spectroscopic Shiftsj] and Coupling Constant$], 4J, Hz] for Quaterpyridine Ligands in CDgBolution (300 MHz)

Table 1.
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Figure 2. Partial'H NMR spectra of gtpy derivatives in CD§3olution
(300 MHz): (A) 1a (B) 1b; (C) 1c; (D) 1d; (E) 1e

finding agrees with the changes in chemical shift according to
alkyl substitution observed for the 4-alkyl-éalkylthio)-
quaterpyridines.

The signals from the side chain substituentd.afe occur
within the expected values on the basis of comparison to
literature valued? the resonances of the ethyl groupslofvere
further distinguished from each other through NOESY spectra.
No other significant through-space coupling between alkyl and
aromatic positions was observed for any of the compounds.

Figure 4. Solid state structure of 4-methyl-2.8,6";2",6"'-quaterpy-
ridine (1h).

mean qtpy planes. The next nearest pairs of molecules also
exhibit moderate overlap of the opposing terminal pyridine rings
(closest interplanar distances3.5 A). CompoundLh crystal-

lizes in theP2;/n space group (see Figure 6). The molecules
Crystal Structures of adppt a herringbone array in the solid state, with cllosest pairs
4-Methyl-4'-(ethylthio)-2,2:6',2":2" 6"-quaterpyridine being related through an inversion center. The stackmg contacts
(1b) and 4-Methyl-2,2:6',2":2" 6" -quaterpyridine (1h) to the next closest molecules are between substituted and

] unsubstituted terminal pyridine rings (interplanar distaneg$
Compoundslb and 1h were further characterized through &),

crystal structures (see Figures 3 and 4). The pyridine rings in
both ligands adopt the expecteédnstranstrans-conformation Preparation of Dicopper(l) Helicates
in the solid state, and all bond lengths and angles are within ) ) ]
expected limits. Although the adjacent pyridine rings of both ~ The dicopper(l) helicates were prepared by heating degassed
are essentially coplanar, the angles between the mean plane§'ethanolic mixtures of the appropriate ligand and 1 equiv of
of the two terminal pyridine rings are 8.6or 1b and 2.7 for tetrakis(acetonitrile)copper(l) hexafluorophosphate for80
1h, and thus these molecules are slightly riffled in the solid Min, precipitated by the addition of a large excess of methanolic
state. The torsion angles between the two bipyridine halves @mmonium hexafluorophosphate, and recrystallized by slow
are 3.3 (1b) and 2.3 (1h). The S-C—C framework of the  diffusion of diethyl ether or diisopropyl ether vapor into
ethylthio residue irlb is essentially coplanar with its adjoining ~ @cetonitrile solutions (see Scheme 3). The dinuclear nature of
pyridine ring. The geometry of the qtpy cores of both thus the copper(l) complexes is apparent from their mass spectra and
closely resemble that of gtgy. is in accord with previous findin_g%?3v26 ThelH NMR spectra
CompoundLb crystallizes in thé?1 space group (see Figure of the complexes are charaqterlzed b_y sharp signals. While all
5 and Table 2); adjacent pairs bh molecules occur around an ~ Of the complexes are stable in the solid state, the complex [Cu

inversion center with close contacts of 3.35.8 A between the  (1d)2l[PFe]2 was oxidized slowly in solution to a mononuclear
copper(ll) complex. Upon attempted recrystallization of the

Sogz%gt%’r‘fﬁgfs' Eégcd;lilgg—rig'?y; Healy, J.; Tocher, D.JAChem complex [Cu(1g)][PFel., substantial decomposition to give

(26) Constable, E. C.; Hannon, M. J.; Martin, A.; Raithby, P. R.; Tocher, Other copper(l) compounds, which were not further investigated,
D. A. Polyhedron1992 11, 29672971. occurred.
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Figure 5. Packing of 4-methyl-4(ethylthio)-8:2',6";2"",6"'-quaterpy-
ridine (Lb) in the crystal lattice.
Table 2. Crystal Data and Parameters of Data CollectionZfor
and1lh

1b 1h Figure 6. Packing of 4-methyl-2/&',6";2",6"'-quaterpyridine 1h)

formula GzH20N4S CGiHi1eNg in the crystal lattice.
mol. weight 384.498 324.387
crystal system Pti”c“”'c PVZ“‘/)”OC““'C upon helicate formation with copper(l) agree with those
;Q%Segrou'o 9.114(1) 111 244(1) observed for qtpd#2°and 4,4"-bis(methylthio)-2,26',2":6",2"'-
b (A) 10.790(1) 12.399(2) quaterpyridiné? although the aromatic regions are notably more
c(R) 10.954(1) 12.625(1) complicated.
a (deg) 78.565(6) 90.000 In the complex [Cu(1a),][PFg)2, the resonances of H-5 and
5(399) ;g-zgg(? 3(1)10-385(8) H-5"" at ¢ 7.35 are split into two multiplets ai 7.24-7.38
v (deg) 497(5) : (see Figure 7). Because of the equal integral intensity and form
volume (&) 1001.18(2) 1684.4(3) : ; ; -
7 2 4 of these signals, we assign thenptirs of H-5 and H-5" from
F(000) 404 680 HH andHT (or vice versg isomers. The signals from H-3
density (g cm?3) 1.275 1.279 and H-5 appear as four doublet$)(~ 1.7 Hz) até 7.46-7.65
u(em) 15.06 5.80 of similar intensity. All other signals in the aromatic region
crystal size (mm) 0.050.24x 0.28 0.30x 0.45x 0.65 appear downfield in a multiplet & 7.76-8.08 comparable to
temperature (K) 293 293 h b df PE,.2326 Th hvlthi
radiation Cu ke (i = Cu Ka (A = those observed for [(_i(qtpy)z][ 6] 2 “ e methylthio group

1.541 80) 1.541 80) is observed as two singlets of equal intensity 60 and 2.61.
scan type w—26 scans w—20 scans Accordingly, we conclude that a 1:1 mixture BH andHT
Omax (deg) 74.33 77.50 isomers is formed witda
no.of measured refins 4359 3894 In the complex [Cu(1b)2][PFel, the shifts of H-5 and H-5
no. of independent reflns 4090 3342 b d doubletsa?.07/7.17 3] = 4 H d
no. of refins in refinement 2552 1415 are observed as two doublets@®.07/7.17 0 = 4 Hz) an
no. of variables 253 227 two multiplets atd 7.06-7.36, each signal pair of like
final R 0.0774 0.0804 multiplicity integrating in a ratio of 3:2. The signals of H-5 in
final Ry 0.0870 0.0570 the minor and major isomers are observed through COSY
last max/min in 0.540/-0.453 0.64440.244

difference map

techniques to couple with protons H-6 at7.73 and 7.77,

respectively, witt?] ~ 4 Hz. The signals from H:3and H-5
appear as four doubletd)(~ 1 Hz) ato 7.44, 7.53, 7.55, and
The evaluation of thélH :HT ratios for these complexes and 7.64. Here, the integral intensities are the same for the first
the assignment of spectroscopic and physical properties to theand the fourth and for the second and third signals, and the
individual isomers were of central interest to this work. The ratio of integral intensities between these two signal pairs is
isomericHH —HT pairs coelute in all of the chromatographic also 3:2. Thus, each pair of integral-matched signals arises from
systems which we have investigated, and in the absence of aH-5, H-3, H-5, and H-%" of the same isomer. These ratios
strong preference for a given isomer, X-ray crystallographic are also observed when the complex is prepared from the ligand
analysis is unlikely to be definitive. We have, thus, relied and [Cu(CHCN)4[PF¢] in benzene. For H-5, H:3, and the
principally on®H NMR spectroscopic techniques to distinguish  4-methyl group, the 3:2 ratio does not alter in the temperature
between the isomers and to establish the isomeric ratios. Therange betweer-20 and+25 °C, while for H-3 and H-5, signal
signs and magnitudes of the changes in aromatic chemical shiftsoverlap occurs with decreasing temperature. InHeNMR
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Scheme 3. Preparation of Dicopper(l) Helicates

+Cu* -

spectrum of [Cp(1b);][PF¢]2 in (CD3),SO, the paired resonances 7.53, and 7.64 are observed, which can be assigned tcaHe3

of the 4-methyl group and of H-5 and H"5are observed ai H-5'. Here, pronounced signal overlap precludes the reliable

2.44/2.49, 7.14/7.22, and 7.29.33/7.36-7.40, respectively. evaluation of the isomeric ratio. However, the 6-methyl group

The intensities of all these signals also integrate in a 3:2 ratio. is observed as two singlets@®.15/2.16 with an integral ratio

All of these assighments are in quantitative agreement with an of 3:2. Again, this ratio remained unchanged in the two singlets

HH:HT ratio on the basis of the integral intensities from the at¢ 1.80/1.91 in (CR).SO.

signals of the 4-methyl group @t 2.45 and 2.50 in CECN. The aromatic regions of tHél NMR spectra of the complexes

Similarly, the 'H NMR spectra of the complexes [@af)2]- [Cux(10)2][PFsl. and [Cu(1d)J][PFel2 exhibit qualitatively

[PFe]2 and [Cu(1g)][PFe] exhibit methyl resonances @.48/  similar results. In [Cy(1¢)][PFg]2, the signals of H-5 and H5

2.50 and 247/255, I’eSpeCti.Ve|y, II"I a3:2 I’atiO, the downfield are observed as two doublets and two mul“plet& ano/7.18

resonance being of greater intensity for both. and 7.23-7.36, of equal intensity, while in [G(Ld)2][PF]2
ThUS, a3:2 preference in favor of one isomer is apparent for these resonances Over|ap_ The resonances df &h@ H-5

all three helicates. As the unlike integration patterns were gccyr as four doublet$]~ 1.6 Hz) até 7.52—7.66 and 7.55

invariant when théH NMR spectrum of [Ci(1b)z][PFslowas  7.74, respectively. In the alkyl region, signal overlap between

recorded with various relaxation delays, we are certain that they the different isomers and substituents is observed. Evaluation

do not arise from relaxation phenomena. of the isomeric ratios for [Caf1c),][PFg]. was possible from
The complex [Cu(1€),][PFe]> exhibits similar trends in  ejther H-5/H-5" or H-3/H-5, while for [Cuy(1d),][PFe]2, the

aromatic chemical shifts. In particular, a broad multipledat  |atter signal grouping was used. For both complexes, a 1:1 ratio

7.24-7.41 for H-5 and H-8' and four doublets at 7.33, 7.39,  of isomers was found. When present, the resonances of the

ethylthio substituents appear as either multiplets or broad triplets
‘ ato ~1.42-1.46 and broad quartets at~3.07—3.20.

JN/\ M% The 13C NMR spectra of complexes [G{Lb),][PF¢]. and
J U Cuy(16),][PF¢]2 have been measured in (@50 at 75 MHz
o [Cuz
MM }Mw\ﬂ}\\\ A (see Figure 8). In the alkyl region, resonances are observed at
\« 0 24.2, 20.7/20.9, and 13.4/13.5. Measured in 70% gD

SO-30% CDC4, the ligandlb exhibited signals ai 24.3, 20.7,
and 13.3, and we assign the resonance$ 24.2, 20.7/20.9,

/\MUL,\MM and 13.4/13.5 to the'4®CH.CHjs, 4-CHz, and 4-SCH,CHjs

% carbon atoms. Likewise for [G(Lle),][PFe]2, signals were
J\) observed ab 24.8/24.6, 24.1, and 13.4, which were assigned

by APT techniques to the 6H3, 4-SCH,CHj3, and 4-SCH,CHj3
\Muw c groups. The splitting of the signals for the isomers is more
W_ pronounced for those atoms closest to the helical core of the
complexes.
| 5 Discussion
——’Jﬂ\/wf LG U N Y, S It was initially anticipated that a systematic increase of bulk
in the 4-position in the ligand serids—d would, on the basis

of steric interactions with the'4ubstituent of the partner
M\I’M hb\-/mﬂ/tj AL/‘M/\N £ helicand, result in an increasing preference for the formation
J " of the HH over theHT isomer. Although the dicopper(l)
T 1 T T

helicates fromlb (and1€) exhibit a 3:2 preference for one of

r T 1 their isomers, no selectivity is observed with the more sterically
8.2 8.0 78 7.6 7.4 7.2 7.0 demanding compound&c and 1d nor with 1a. Thus, the
3 presence of a'dalkylthio group either activates or deactivates
Figure 7. Partial'H NMR spectra of the dinuclear double helicates in  the helicate to directional selectivity. On the other hahid,
CDsCN solution (300 MHz): (A) [Cy(1a)3][PFsl2; (B) [Cux(1b)s]- forms exclusively thédH helicate isomer, whil&h gives equal

[PRel2; (C) [Cw(10)7][PFe]2; (D) [Cux(1d)][PFel2; (E) [Cle(16)][PFel2. amounts ofHH andHT isomers!® It therefore appears that
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Figure 8. Partial’>*C NMR spectra (75 MHz): (A) ligandb in 70%
(CD3):S0O-30% CDCk; (B) [Cux(1b)2][PFg]2 in (CD3).SO; (C)
[Cux(16)2][PFd]2 in (CDs)SO. ¢ C2
Figure 10. Proton NMR shifts of H-3and H-5 in dicopper(I}-qtpy
several different modes of steric interaction together determine helicates: (A) 44"-bis(methylthio)-qtpy, (B) [Cux(18)][PFe]2; (C)
the Observed directional Se|ectivity_ [Cuz(lb)z][PFe]zy(D) [CU2(1C)2][PF5]2; (E) [Cu2(1d)2][PFG]2 Shifts of
. . . theHH andHT isomers from the same positions are connected by a

From computer-based modeling studiesn the dicopper(l) line.
gtpy helicate, it is found that steric interactions between the
4-alkyl substituent of one helicand and theadkylthio group
of the partner helicand lead to the mild preference forkitve
isomer of [Cu(1b);][PFe¢].. However, the lack of directional
selectivity in the complexes from ligands and1d implicates
the absence of such interactions. The sensitivity of the helical
bite to substitution has been documented for other qtpy
helicates’”-23 and steric repulsion in these complexes might
thereby be relieved through a buttressing effect, which increase
the dihedral angle between the individual'ZByridine units
of each component helicand and thereby increases the separatio.
between the substituent pair (see Figure 9A,B).

In the absence of d-4ubstituent, the helix is shorter, giving
rise to the situation found in the helicates jClih),][PFe]. and
[Cux(1i)7][PFe]2- In the case of [Cy(1h),][PFe]2, no interhe-
licand/intrahelicate interactions exist, and no selectivity is
possible. For [Cy(1i);][PFe]2, however, the steric interactions
between theaert-butyl groups of aHT isomer cause it to be
disfavored relative to thelH isomer (see Figure 9C).

The changes in helical pitch with the 4-alkykdlkylthio)-
gtpy helicates alters the degree mfstacking possible in the
helical complexes. In turn, the extentmfstacking is reflected

in the 'H NMR spectroscopic shifts of the anisotropically
affected protons. The signals of H-&nd H-5 are convenient
to monitor this phenomenon, since these absorptions are
invariantin the gtpy ligandda—d and the pairing of these shifts
to their respective isomers was possible for the helicate-[Cu
(1b)2][PFe]2 (see Figure 10). It should be noted, however, that
the presence of separate and distinct absorptions for &h®
H-5' of each isomer of these helicates implies that different
anisotropic environments for these protons are present and, thus,
that stacking effects are present in these compounds. Models
show that in theHH-configured helicates the 4-alkyl-4
(alkylthio)bipyridine ring systems are parallel to the unsubsti-
tuted bipyridine ring systems, whereas in tH& -configured
helicates, comparable interactions occur between identically
substituted 2,2bipyridine ring systems.

The above points are emphasized by comparison of the
helicates fromlf and1g. Here,HH—HT selectivity similar to
that of 1b (in spite of the highly electronegative ethylsulfonyl
and cyano substituents) bespeaks of a steric mechanism, and
not one involving stacking effects. Furthermore, the overlap
of the proton chemical shifts for H-&nd H-5 in the HH/HT

(27) Chem3D/Version 3.1;1Cambridge Scientific Computing: Cam-  isomers of [Cy(1f)2][PFe]. provides evidence of the absence
bridge, MA, 1992. of intrahelical stacking effects.
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Table 3. Electrochemical Properties of the Dicopper(l) Helicates dried for 12 h over KOy at 200 mbar prior to use. 2-Bromo-4-

in Acetonitrile® methylpyridine?® 2-bromo-4-ethylpyriding? 2-bromo-6-methylpyri-
R R Eox = dine° 4-tert—butyl-2-_cy_amopyridinélf3 2-(3’,3’-bis(methy!thio)-1—
oxoprop-2-en-1-yl)pyridine 3! and 2-acetyl-6-bromopyridife were
la H SMe 0.435 0.116 obtained according to the literature. All other chemicals were com-
ig i:l\EAte gg 8%(2) 8828 mercially available andIV\{ere used as received.
1d 4-t-Bu SEt 0.434 0.074 2-Acetyl-4-methylpyridine (5). A solution of 16.2 g (94 mmol)
1e 6-Me SEt 0.59 0.271 of 2-bromo-4-methylpyridine in 250 mL of dry E» and under dry
1f 4-Me SQEt 0.637 0.202 nitrogen gas was treated over 20 min-&t8 °C with a solution of 57
19 4-Me CN 0.67 0.11 mL (1.7 M in hexanes, 97 mmol) of-butyllithium. The mixture was
1h 4-Me H 0.44 0.114 stirred for 10 min, and 9.2 mL (99 mmol) ®f N-dimethylacetamide
1i 4+t-Bu H 0.48 0.073 in 10 mL of E4O was added. After stirring for 30 min, warming slowly

over 3 h to 25°C, and stirring for an additional 4 h, water (30 mL)
was added. The phases were separated, and the aqueous layer was
extracted with EtOAc (3x 30 mL). The combined organic extracts

: . . . were washed with brine, dried (MggQand concentrated in vacuum.
The electrochemical activity of the qtpy helicates fréer-i Fractional distillation (8492 °C, 10 mbar) and recrystallization

has alsq been investigeted in acetonitrile solution (ferrocene/ (pentane~20 °C) gave 4.69 g (37% yield) & as colorless needles.
ferrocemum co.uple as internal stendard; see Table 3). SlngIeMp: ~25°C (lit.2> mp 33-34 °C). H NMR (200 MHz, CDC}): 6
irreversible oxidation and reduction steps for all of these g 54 (d,0=19.1Hz, 1H), 7.86 (s, 1H), 7.29 (dd,= 0.7; 4.9 Hz, 1H),
compounds are observed. However, the precise effect of the2.72 (s, 3H), 2.42 (s, 3H)13C NMR (50 MHz, CDCH): 6 200.6 (C),
various substituents on the separation of the forward and reverse149.51 (C), 148.74 (CH), 127.88 (CH), 124.56 (C), 122.41 (CH), 25.83
processes is irrevocably linked with both the helical pitch and (CHs), 21.00 (CH). IR (film): v 833 cnt (s), 864 (s), 964 (m), 997
the electronic character of the substituent. In the absence of(m), 1193 (s), 1288 (s), 1352 (s), 1413 (s), 1603 (s), 1698 (s), 2927

detailed data regarding the pitch in each case, we will not discuss(m), 3009 (m), 3053 (s). EI-MS (70 eV)nz (relative intensity) 135
these effects further. (M*, 79), 107 (27), 93 (100), 92 (68), 66 (26), 65 (31).

2-(3,3-Bis(ethylthio)-1'-oxoprop-2-en-1-yl)-4-methylpyridine (9).

Summary To a slurry of 5.2 g (46 mmol) of potassiutert-butoxide in 40 mL of

dry THF at 0°C under nitrogen gas was added a solution of 3.0 g (22

Asymmetrically alkyl- and alkylthio-substituted qtpy deriva-  mmol) of 5in 11 mL of THF over 2 min, and then 1.4 mL (23 mmol)

tives can be prepared using standard oligopyridine synthetic of CS; and 3.6 mL (45 mmol) of iodoethane were added. The cooling
methodology. Through appropriate substitution of gtpy, it is bath was removed, and the resulting mixture was stirred overnight at
possible to optimize geometrical parameters of the dicopper(l) ambient temperature. Crushed ice was then added, and the THF
helicates, e.g., helical pitch and separation of otherwise spatiallyremoved by distillation.  The remaining solution was left standing at
remote positions such as to maximize pseudointramolecular°M temperature for ca. 3_h, and the resulting precipitate was c_oIIected
interactions between the component helicands. For asymmetri-2Y filtration and washed W'thom'd ethanol and.@t After drying in
cally substituted qtpy derivatives, this can lead to the preferred vacuum over EOs, 4.68 g (81%) of as amber needies was obtained.

. ; Mp: 108-109°C. 'H NMR (300 MHz, CDC}): 6 8.49 (d,J = 4.9
formation of theHH over theHT isomer. These processes are Hz, 1H), 8.00 (s, 1H), 7.68 (s, 1H), 7.20 dd, € 1.0, 4.8 Hz, 1H),

correlated through X-ray crystallographic, NMR spectroscopic, 3 0g-3.20 (m, 4H,—CH,—), 2.42 (s, 3H), 1.371.47 (m, 6H,—CHb).
and modeling studies. We are further investigating the mani- 13c NMR (75 MHz, CDC}): 6 185.16 (C), 166.28 (C), 158.8 (C),
festation of this phenomenon through use of steric and charge-155.52 (C), 148.86 (CH), 127.27 (CH), 123.99 (CH), 110.27 (CH),
transfer effects with the eventual goal of developing doubly 29.0 (CH), 26.2 (CH), 21.7 (CH), 14.4 (CH), 13.0 (CH). IR
functionalized directional helicates capable of undergoing further (KBr): » 2988 cm® (w), 2925 (w), 2866 (w), 1594 (m), 1493 (s),

20.1 M n-BusPFs as supporting electrolyte; all potentials measured
relative to ferrocene.

self-assembly processes. 1449 (m), 1268 (w), 1250 (w), 978 (w), 817 (w), 795 (w), 776 (m).
CI-MS (NHg): m/z (relative intensity) 268 (M+ 1%, 100), 207 (9),
Experimental Section 206 (40), 167 (6), 148 (7).

. . 2-(3-(N,N-Dimethylamino)-1'-oxoprop-2-en-1-yl)-4-methylpy-

Infrared spectra were recorded on Mattson Genesis Fourier-transform;qine (12). A mixture of 2.0 g (15 mmol) o6 and 4.0 mL (30 mmol)
spectrophotometers with samples in compressed KBr disks. Proton ¢ N N-dimethylformamide dimethyl acetal was heated at reflux for
NMR spectra were recorded on a Varian Gemini (300 MHz) or Bruker 5 1 under nitrogen gas. Volatile material was remowvedacuq the
AC (200 MHz) spectrometer. Carbon NMR spectra were recorded on o maining crystalline residue was dissolved in EtOAc and decolorized
the former spectrometer (75 MHz). Fast atom bombardment (FAB), (charcoal), and after repeated crystallization from Et©Aexane, 1.73
chemical ionization (Cl), and electron impact (El) mass spectra were g (61%) of12 as yellow leaves was obtained. Mp: 131882.2°C.
recorded on VG 76250, Kratos MS-902, and Finnigan 8430 spec- 1{ N\uR (300 MHz, CDCH): & 8.45 (d,J = 4.9 Hz, 1H), 7.95 (s,
trometers; for FAB spectra the sample was loaded using acetonitrile 1H), 7.87 (d,J = 12.6 Hz, 1H), 7.14 (dJ = 4.4 Hz, 1H), 6.41 (d)
as solvent and 3-nitrobenzyl alcohol as supporting matrix, and the mass_ 15 7 5 1H), 3.14 (s, 3H), 2.96 (s, 3H), 2.38 (s, 3HJC NMR
value for the most intense signal of an isotopomeric cluster is given. (75 MHz ’CDC[;): 5 18(“;.91 (’C) 155.’89 (é) 151.4,6 (CH), 147.98
Time of flight (MALDI) spectra were recorded using a PerSeptive (CH) 14771 (C), 126.13 (CH) 122 62 (CH) 9122 (CH) 44.’94300_'
Biosystems Voyager-RP biospectrometry workstation. Electrochemical 37.2{3 (CH) 20.531 (CH). IR kKBr): v 304;3 —) ‘3010 W)
measurements were performed with an Eco Chemie Autolab PGSTAT 2914 (w) 22379 (), 2812 (w), 1639 (s), 1562 (s) 154’7 s) 1439' (m)
20 system using glassy carbon working and platinum auxiliary 4,55 (m)', 1354 (s)’, 1286 (m’), 1263 (r;w), 1122 im)’ 1099’ m), 1072’

electrodes with an Ag/AgCI electrode as reference. The experiments 1 7 77 EI-MS (70 eVi lative i ;
were conducted using purified acetonitrile as solvent and 0.1 M (m), 864 (m), 795 (), 775 (m). S (70 evjniz (relative intensity)

[n-BusN][BF4] as s_upporting electrolyte; ferrocene was added at the (28) Adger, B. M.; Ayrey, P.; Bannister, R.; Forth, M. A.; Hajikarimain,

end of each experiment as an internal reference. Column chromatog-y .| ewis, N.; O'Farrell, C.; Owens, N.; Shamiji, A. Chem Soc, Perkin

raphy was performed with silica gel (@30 mesh, Fluka) or Trans 1 1988 2791-2796.

aluminium oxide, activity Il (Fluka). (29) Case, F. H.; Kasper, T.J.Am Chem Soc 1956 78, 5842-5844.
Diethyl ether and tetrahydrofuran were freshly distilled from (gg) E°§S’ L( ; g,“”ﬁ’”' |\|;|| JRJROTIg gheTT: 1%66.5’.1' é5_1;\/2.60|' b

sodium—benquhenone I_(et_aN,N-dimethyl_formamic_le anc\,N-di- In (Orgzan?c SS’yn.the’sesll[—'):Jegr’naﬁ, J. F?.,llEd..’; Jo(r)1$1 \%lileys/’ and S?r?s?WNeW

methylacetamide were distilled from calcium hydride under reduced York, 1990 Collect. Vol. VII, pp 476-479.

prssure and stored ovd A molecular sieves, and dichloromethane (32) Parks, J. E.; Wagner, B. E.; Holm, R. HOrganometChem 1973

was distilled from RO,,. Small amounts of ammonium acetate were 56, 53—66.
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190 (M*, 21), 175 (13), 147 (75), 119 (5), 107 (11), 98 (100), 92 (20),
70 (9), 65 (11).

2-Acetyl-4-ethylpyridine (6). A solution of 5.0 g (27 mmol) of
2-bromo-4-ethylpyridine in ca. 70 mL of dry £ and under dry
nitrogen gas was treated over 30 min-at8 °C with a solution of 20
mL (1.6 M in hexanes, 32 mmol) afbutyllithium. The mixture was
stirred for 15 min, and then 3.5 mL (38 mmol)diN-dimethylacetamide

Constable et al.

apparatus. The mixture was cooled to room temperature, 5 mL of 0.5
M aqueous NaOH solution was added, and the phases were separated.
The aqueous phase was washed with benzene (5 mL), and the combined
organic extracts were washed with 0.5 M aqueous NaOK @mL)

and water (2x 3 mL) and dried (MgS®@K,CQs). After removal of

the solvent in vacuo and bulb-to-bulb distillation (9000 °C, 0.15

mbar) 0.98 g (81%) o2 as a pale yellow oil was obtainedH NMR

was added. The mixture was warmed to ambient temperature overnight(300 MHz, CDCY): 6 7.49-7.58 (m, 2H), 7.41 (dd) = 2.0, 6.8 Hz,

and quenched with a saturated aqueous®lidolution (30 mL). The

1H), 4.04-4.15 (m, 2H), 3.84-3.95 (m, 2H), 1.72 (s, 1H)33C NMR

phases were separated, and the aqueous solution was extracted with’5 MHz, CDCE): 6 162.48 (C), 141.99 (C), 138.75 (CH), 127.48

EtOAc (2 x 20 mL). The combined organic extracts were washed
with brine, dried (MgS@), and concentrated under reduced pressure.
Column chromatography (15:85 EtOAE€H.Cl./silica gel) gave 3.06
g (76%) of 6 as a light brown oil. *H NMR (300 MHz, CDC}): ¢
8.56 (d,J = 4.9 Hz, 1H), 7.90 (dJ = 0.8 Hz, 1H), 7.30 (ddJ = 0.9,
3.9 Hz, 1H), 2.68-2.74 (m, 5H), 1.28 (tJ = 7.5 Hz, 3H). 23C NMR
(75 MHz, CDCE): 6 200.32 (C), 153.99 (C), 153.54 (C), 148.84 (CH),
126.65 (CH), 121.12 (CH), 28.16 (GH 25.80 (CH), 14.14 (CH).
IR (film): » 3051 cn1? (W), 2970 (m), 2933 (m), 2875 (m), 1699 (s),
1601 (s), 1462 (m), 1417 (m), 1379 (w), 1354 (m), 1284 (m), 847 (m).
EI-MS (70 eV): m/z (relative intensity) 149 (M, 68), 121 (16), 107
(100), 106 (95), 92 (7), 79 (26), 77 (26).

2-Acetyl-4+ert-butylpyridine (8). To a solution of 4.97 g (31
mmol) of 4tert-butyl-2-cyanopyridine in 50 mL of dry &D was slowly
added a solution of methylmagnesium iodide (from 1.94 g (80 mmol)
of magnesium shavings and 5.0 mL (80 mmol) of iodomethane) in 25
mL of Et,O at—15°C. The resulting mixture was stirred for 2.5 h at
25 °C and then quenched with a saturated aqueougONKbolution.

(CH), 118.20 (CH), 107.98 (C), 65.06 (GHC-9), 25.07 (CH, 8-C).
IR (film): v 2988 (m), 2887 (m), 1578 (s), 1556 (s), 1493 (s), 1400
(s), 1370 (m), 1284 (m), 1232 (w), 1201 (s), 1159 (m), 1131 (m), 1103
(m), 1077 (w), 1038 (s), 986 (m), 950 (m), 875 (m), 800 (s), 744 (M),
708 (m), 648 (w), 629 (w). CI-MS (70 eV, Nt m/z (relative
intensity) 244 (M+ 1%, 100), 200 (4.5), 166 (20), 87 (33).
6-Acetyl-2,2-bipyridine (4). A slurry of 3.10 g (12.7 mmol) o2
in 100 mL of dry EtO was cooled in a methanol/liquid nitrogen bath
under dry nitrogen gas and treated with 9.5 mL (1.6 M in hexanes, 15
mmol) of n-butyllithium at such a rate that the temperature within the
reaction vessel was maintained belewO °C. After being stirred for
45 min at—40 °C, the mixture was cooled to70 °C and treated with
3.5 g (23 mmol) of3. The intensely red colored mixture was stirred
overnight at ambient temperature and quenched with a saturated aqueous
NH,4CI solution (40 mL). The organic phase was separated, the aqueous
phase was extracted with EtOAc (2 30 mL), and the combined
organic extracts were evaporated under vacuum. The remaining red
oil was stirred fo 3 h at 60°C in 2 M HCI (60 mL) and cooled to

The phases were separated, and the aqueous solution was extracteom temperature, EtOAc (20 mL) was added, and the mixture was

with EtOAc (3 x 25 mL). The combined organic extracts were washed
with water (3 x 10 mL) and once with brine (10 mL) and dried
(MgSQy). Removal of the solvent under reduced pressure and
purification by column chromatography (GEl./silica gel) gave 2.46

g (45% yield) of8 as a colorless oil*H NMR (300 MHz, CDC}): 6

8.59 (d,J = 5.2 Hz, 1H), 8.07 (ddJ = 0.6, 2.0 Hz, 1H), 7.47 (dd]

= 5.2, 2.0 Hz, 1H), 2.73 (s, 3H), 1.35 (s, 9H}3C NMR (75 MHz,
CDCly): 6 200.55 (C), 161.19 (C), 153.57 (C), 148.92 (CH), 124.12
(CH), 118.68 (CH), 34.98 (C), 30.45 (GH IR (film): v 2966 cn1*

(s), 2871 (m), 1699 (s), 1597 (s), 1546 (m), 1479 (m), 1410 (m), 1367
(m), 1352 (m), 1292 (m), 1238 (s), 1132 (m), 862 (m). EI-MS (70
eV): m/z (relative intensity) 177 (M, 79), 162 (29), 149 (25), 135
(100), 134 (56), 120 (26), 104 (7), 91 (14), 77 (12). Anal. Calcd for
CiiHisNO: C, 74.54; H, 8.53; N, 7.90. Found: C, 75.38; H, 8.60; N,
7.88.

Ethyl 2-Pyridyl Sulfoxide (3). To a solution of 11 g (99 mmol) of
2-mercaptopyridine in 100 mL of aque®® M NaOH was added 8.1
mL (100 mmol) of iodoethane. The mixture was stirred vigorously
overnight and then extracted with,BX (3 x 50 mL). The combined
ethereal extracts were washediwizt N NaOH (2x 30 mL) and once
with brine and dried (MgSg). Evaporation of solverin vacuogave
12.2 g (89%) of 2-(2-mercaptoethyl)pyridine as a pale orange oil. This
was dissolved in 185 mL of MeOH, and 26 g (44 mmol, 85% purity)

carefully neutralized by addition of solid NaHGO The resulting
mixture was extracted with EtOAc (4 30 mL), and the organic
extracts were combined, washed repeatedly with water and then once
with brine, and dried (MgS§). After removal of the solvent under
reduced pressure, the residual solid was purified by column chroma-
tography (15:85 EtOAe CH,Cl,/silica gel) and recrystallization (hex-
anes) to give 1.66 g (67%) @f as pale yellow blocks. Reaction of
8.1 g of2 under similar conditions gav&in 59% yield. Mp: 74.7
75.3°C (lit.28 mp 74-75.5°C). H NMR (300 MHz, CDC}): 6 8.67
(dm,J = 4.8 Hz, 1H), 8.59 (ddJ = 1.2, 7.8 Hz, 1H), 8.49 (d) = 8
Hz, 1H), 8.02 (ddJ = 1.2, 7.7 Hz, 1H), 7.90, (tJ = 7.8 Hz, 1H),
7.82 (dt,J = 1.7, 7.7 Hz, 1H), 7.31 (ddd] = 1.2, 4.7, 7.5 Hz, 1H),
2.81 (s, 3H). 3C NMR (75 MHz, CDC}): 6 200.04 (C), 155.35 (C),
155.27 (C), 152.87 (C), 149.20 (CH), 137.72 (CH), 136.90 (CH), 124.21
(CH), 124.09 (CH), 121.36 (CH), 121.03 (CH), 25.68 §H IR
(KBr): v 3001 cn! (w), 1694 (s), 1580 (s), 1431 (s), 1356 (s), 1314
(m), 1227 (w), 992 (w), 779 (s), 744 (w), 592 (w). EI-MS (70 eV):
m/z (relative intensity) 198 (M, 85), 170 (26), 156 (100), 155 (97),
130 (17), 78 (35).
6-(3'-(N,N-Dimethylamino)-1"-oxoprop-2'-en-1'-yl)-2,2 -bipyri-
dine (13). A mixture of 1.0 g (5.1 mmol) o#t and 2.0 mL (15 mmol)
of N,N-dimethylformamide dimethyl acetal was heated to reflux for
28 h under nitrogen gas. The mixture was cooled td@5wvhereupon

of magnesium monoperoxyphthalate was added in several portions whilea crystalline mass separated. This material was collected by filtration,

the temperature was maintained at©. The mixture was stirred

washed with cold methanol, and dried ove©Rin vacuoto give 0.94

overnight and carefully concentrated by rotary evaporation (water bath g of 13 as orange needles. Volatile material was removed from the

temperature below 50C) to give a viscous slurry. # (200 mL)

was added, and the resulting mixture was extracted with @k8Ck

30 mL). The combined extracts were washed with brine (20 mL)

and dried (MgS@). Solvent removal under reduced pressure gave 11.5

g (75% from 2-mercaptopyridine) &as a pale yellow oil, which was

>95% pure according ttH NMR spectroscopy and which was used

without further purification.*H NMR (300 MHz, CDC}): ¢ 8.62 (dd,

J=1.6,4.7 Hz, 1H), 8.00 (dg = 1.1, 7.5 Hz, 1H), 7.93 (dg = 1.7,

7.6 Hz, 1H), 7.37 (ddd) = 1.5, 4.7, 7.3 Hz, 1H), 3.153.22 (m, 1H),

2.90-2.97 (m, 1H), 1.20 (t) = 7.4 Hz, 3H). IR (film): » 3050 cnt?®

(s), 2979 (s), 2934 (s), 1577 (s), 1562 (m), 1452 (m), 1424 (s), 1054

(s), 1025 (m), 991 (m), 782 (m), 769 (m), 540 (m). EI-MS (70 eV):

m/z (relative intensity) 155 (M, 7), 138 (4), 127 (29), 107 (24), 96

(8), 79 (100), 78 (94), 67 (25).
6-Bromo-2-(2-methyl-1',3-dioxolan-2-yl)pyridine (2). A solution

of 1.0 g (5 mmol) of 6-acetyl-2-bromopyridine, 0.34 mL (6 mmol) of

1,2-ethanediol, and 0.1 g (0.5 mmol) of 4-toluenesulfonic acid in 15

mL of benzene was heated for 24 h under reflux in a Dean-Stark

method liquor by rotary distillation, and the residual material was
recrystallized from EtOAe hexanes to give an additional 0.16 g (85%
total yield) of13. Mp: 127.5-128°C. *H NMR (300 MHz, CDC}):

0 8.69 (d,J = 4.8 Hz, 1H), 8.56-8.52 (m, 2H), 8.18 (dJ = 7.7 Hz,
1H), 7.91-7.99 (m, 2H), 7.84 (dt) = 1.7, 7.7 Hz, 1H), 7.32 (ddd]

= 1.3, 2.7, 7.5 Hz, 1H), 6.66 (d,= 12.4 Hz, 1H), 3.19 (s, 3H), 3.06
(s, 3H). °C NMR (75 MHz, CDC}): 6 186.77 (C), 155.96 (C), 155.39
(C), 154.53 (CH), 149.02 (CH), 137.49 (CH), 136.70 (CH), 123.63
(CH), 122.60 (CH), 121.88 (CH), 120.94 (CH), 91.18 (CH), 45.00
(CH3), 37.23 (CH). IR (KBr): v 2914 cnt! (w), 2802 (w), 1645 (s),
1595 (s), 1581 (s), 1549 (s), 1475 (m), 1425 (s), 1414 (s), 1360 (s),
1250 (m), 1084 (m), 1059 (m), 989 (m), 914 (m), 777 (s), 748 (m),
719 (w). EI-MS (70 eV): m/z (relative intensity) 253 (M, 13), 238
(5), 236 (6), 210 (38), 170 (51), 155 (24), 98 (100), 78 (10), 70 (6).

Anal. Calcd for GsHisN3O: C, 71.13; H, 5.97; N, 16.59. Found: C,

70.54; H, 5.94; N, 16.26.
6-(3',3"-Bis(ethylthio)-1"-oxoprop-2'-en-1'-yl)-2,2-bipyridine (11).
To a suspension of 1.9 g (17 mmol) of potassitart-butoxide in 20
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mL of dry THF was slowly added a solution of 1.5 g (7.6 mmolYof
in 10 mL of THF. The mixture was stirred fo2 h at ambient
temperature, whereupon 0.54 mL (9.1 mmol) of,@8d 1.4 mL (18
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12 mL of glacial acetic acid were added. The THF was slowly removed
by distillation over a period of 3.5 h, and the remaining material was
treated with crushed ice. The resulting mixture was treated with PhMe,

mmol) of iodoethane were added. The mixture was stirred overnight and the acetic acid was neutralized by addition of a saturated aqueous

and poured into 100 mL of 40, and EtOAc (30 mL) was added. The

NaHCG; solution. Extraction with warm PhMe (& 40 mL), washing

organic phase was separated, and the aqueous phase was extracted {8 the combined organic solutions with water ¥510 mL) and once

x 20 mL) with EtOAc. The combined organic solutions were washed
with water (3x 15 mL) and once with brine (15 mL), dried (Mg2®
and concentrated in vacuum to give 2.38 g of a dark red solid.
Recrystallisation (EtOH, 2) afforded 1.61 g ofL1 as yellow needles.
Column chromatography (20:80 NHEthexanes/silica gel) of the
mother liquor gave an additional 0.11 g of the product (69% total yield)
and 0.10 g oft. Mp: 109-110°C. *H NMR (300 MHz, CDC}): 6
8.70 (dd,J= 0.8, 4.8 Hz, 1H), 8.44 (dd] = 1.1, 7.9 Hz, 1H), 8.46 (d,
J= 8.0 Hz, 1H), 8.20 (ddJ = 1.1, 7.7 Hz, 1H), 7.96 (1) = 7.8 Hz,
1H), 7.90 (s, 1H), 7.84 (dt) = 1.8, 7.8 Hz, 1H), 7.34 (dddl = 1.1,
4.8, 7.5 Hz, 1H), 3.20 (q) = 7.4 Hz, 2H), 3.14 (9] = 7.4 Hz, 2H),
1.53 (t,J = 7.4 Hz, 3H), 1.41 (tJ = 7.4 Hz, 3H). ¥C NMR (75
MHz, CDCk): ¢ 184.14 (C), 165.53 (C), 155.74 (C), 154.68 (C),
154.28 (C), 149.19 (CH), 137.91 (CH), 136.75 (CH), 123.83 (CH),
123.14 (CH), 122.53 (CH), 120.66 (CH), 109.33 (CH), 28.30 {CH
25.61 (CH), 13.84 (CH), 12.82 (CH). IR (KBr): » 3070 cmi? (w),
2968 (w), 2927 (w), 2868 (w), 1620 (m), 1578 (m), 1485 (s), 1448 (s),
1427 (s), 1215 (m), 1092 (m), 1065 (m), 980 (w), 781 (s). CI-MS (70
eV, NHs): mvz (relative intensity) 331 (M+ 1, 100).
2-(3,3-Bis(ethylthio)-1'-oxoprop-2-en-1-yl)-6-methylpyridine (10).
A solution of 44 mL (1.6 M in hexanes, 70 mmol) ofbutyllithium
was added over 20 min at70 °C to a slurry of 10 g (58 mmol) of
2-bromo-6-methylpyridine in 150 mL of dry ED. The mixture was
stirred for 30 min at this temperature, and 7.2 mL (77 mmolNgN-
dimethylacetamide was slowly added. The mixture was stitré at

with brine (10 mL), drying (MgS@), and solvent evaporation under
reduced pressure gave a crude product. This material was dissolved
in CHyCl,, passed through aluminum oxide, decolorized with bone
charcoal (hexane), and recrystallized (EtOH) to give 0.27 g (31%) of
1b as pale yellow needles. Mp: 16465°C. H NMR (70% (CD),-
SO-30% CDC}, 300 MHz): 6 8.41-8.70 (m, 7H), 8.29 (dJ =1

Hz, H-3/H-5'), 8.05 (t,J = 7.1 Hz, H-4'), 7.95 (dt,J = 1.7, 6.0 Hz,
H-4""), 7.41-7.43 (m, H-5"), 7.22 (d,J = 4.3 Hz, H-5), 3.23 (9) =

7.4 Hz, H-8), 2.49 (s, H-7), 1.47 () = 7.4 Hz, H-9). *C NMR (75

MHz, CDCkL): ¢ 156.21 (C), 155.73 (C), 155.28 (C), 155.24 (C),
155.16 (C), 154.94 (C), 151.13 (C), 149.11 (CH), 148.86 (CH), 147.95
(C), 137.75 (CH), 136.86 (CH), 124.84 (CH), 123.74 (CH), 122.16
(CH), 121.33 (CH), 121.14 (CH), 121.08 (CH), 118.05 (CH), 117.65
(CH), 25.16 (CH, 8-C), 21.33 (CH, 7-C), 13.80 (CH, 9-C). °C

NMR (70% (CDy),SO-30% CDC}, 75 MHz): 6 155.04, 154.60,
154.51, 154.17, 150.53, 148.70, 148.43, 147.43, 137.58, 136.66, 124.64,
123.69, 123.62, 121.33, 120.82, 120.62, 120.34, 116.85, 116.77, 24.26
(CHs, 9-C), 20.71 (CH, 7-C), 13.34 (CH, 8-C). IR (KBr): v 3051

cmt (w), 2972 (w), 2925 (m), 2850 (w), 1603 (w), 1562 (s), 1537
(m), 1475 (m), 1458 (m), 1425 (m), 1375 (m), 829 (m), 785 (s), 754
(m), 660 (m). EI-MS (70 eV):m/z (relative intensity) 384 (M, 76),

369 (17), 356 (100), 351 (32), 324 (31), 312 (15), 205 (12), 192 (11),
178 (13), 155 (9). Anal. Calcd for@H,N,S: C, 71.85; H, 5.24; N,
14.57. Found: C, 72.18; H, 5.29; N, 14.32.

4'-(Methylthio)-2,2":6',2":6",2"'-quaterpyridine (1a). To a stirred

—40 °C and then at ambient temperature overnight and finally heated suspension of 0.57 g (5.0 mmol) of potassitert-butoxide in 10 mL

under reflux for 6 h. A saturated aqueous X solution (30 mL)

of dry THF under nitrogen gas at°®@ was added a solution of 0.50 g

and then EtOAc (30 mL) were added, and the phases were separated(2.5 mmol) of4in 5 mL of THF. The cooling bath was removed, and

The aqueous layer was extracted with EtOAcx3L0 mL), and the
combined organic extracts were washed with watex (30 mL) and
once with brine (20 mL) and dried (MgSP> Column chromatography
(20:80 NHEt—hexanes/silica gel) gave 5.43 g of a colorless oil, which
analyzed (GE&MS) as a 1:1.5 mixture of 2-acetyl-6-methylpyridine
(7) and 2-bromo-6-methylpyridine. To a slurry of 3.0 g (27 mmol) of
potassiuntert-butoxide in 30 mL of dry THF under nitrogen gas was
added a solution of 5.0 g of the above mixture in 10 mL of THF. After
stirring for ca. 90 min, 0.80 mL (13 mmol) of GSvas added. The
mixture was cooled to 0C, 2.1 mL (26 mmol) of iodoethane was

after 30 min at ambient temperature, 0.57 g (2.5 mmol) of' B¢3
bis(methylthio)-1-oxoprop-2-en-1-yl)pyridine was added. After stir-
ring overnight, 1.0 g (13 mmol) of N¥DAc and 10 mL of acetic acid
were added, and the THF was slowly removed by distillation over 5 h.
The AcOH was then distilled off at water aspirator pressure to leave a
dark-colored gum. This material was dissolved in a mixture of saturated
aqueous NaHCg&xsolution and CHCI,, the phases were separated, and
the aqueous layer was extracted with £LH (5 x 20 mL). The
combined organic extracts were washed with saturated Nald@Gtion

(3 x 10 mL) and once with brine (10 mL) and dried @S&x). Column

added, and stirring was continued for ca. 48 h at ambient temperature.chromatography (40:60 NHEthexanes/silica gel and then PhMe/

Then, CHCI, (20 mL) and water (30 mL) were added to the mixture,

aluminium oxide) and recrystallization (PhMe) afforded 0.35 g (39%)

the phases were separated, and the aqueous phase was extracted witli 1a as pale yellow microcrystals. Mp: 145:346 °C. 3C NMR

CH.CI; (3 x 10 mL). The combined organic solutions were washed
with water (3x 10 mL) and once with brine (10 mL) and dried (Na

(75 MHz, CDCE): ¢ 156.2 (C), 155.3 (C), 155.09 (C), 155.03 (C),
154.83 (C), 152.18 (C), 149.14 (CH), 149.03 (CH), 137.81 (CH), 136.90

SQOy). After solvent evaporation under reduced pressure, a crystalline (CH), 136.47 (CH), 123.90 (CH), 123.79 (CH), 121.48 (CH), 121.44
mass separated from the crude product. Recrystallization from EtOH (CH), 121.36 (CH), 121.16 (CH), 117.33 (CH), 116.64 (CH), 14.08

gave 1.51 g ofl0 as yellow leaves. Chromatography of the mother

(CHs, 8-C). IR (KBr): v 3057 cn1? (w), 2999 (w), 2920 (w), 1577

liquor (CH.Cl/silica gel) and subsequent recrystallization gave another (m), 1558 (s), 1543 (s), 1471 (m), 1460 (m), 1425 (m), 1392 (s), 1269

0.11 g (11% total yield from 2-bromo-6-methylpyridine). Mp: 107.5
108.5°C. 'H NMR (300 MHz, CDC}): ¢ 7.96 (d,J = 7.7 Hz, 1H),
7.74 (s, 1H), 7.68 (t) = 7.7 Hz, 1H), 7.23 (dJ = 6.4 Hz, 1H), 3.13
(9,3 = 7.4 Hz, 2H), 3.11 (q) = 7.4 Hz, 2H), 1.45 (tJ = 7.4 Hz,
3H), 1.38 (t,J = 7.4 Hz, 3H). 13C NMR (75 MHz, CDC}): 6 184.47
(C), 165.02 (C), 157.10 (C), 154.39 (C), 136.83 (CH), 125.32 (CH),
119.43 (CH), 109.65 (CH), 28.19 (GH 25.47 (CH), 24.40 (CH),
13.76 (CH), 12.42 (CH). IR (KBr): » 3113 cnt! (w), 3062 (w),
2972 (m), 2931 (s), 1620 (m), 1585 (m), 1491 (s), 1448 (s), 1254 (m),
1217 (m), 1072 (s), 991 (m), 789 (s), 773 (m). EI-MS (70 eW)z
(relative intensity) 238 (M— SGHs', 4), 206 (100), 178 (19), 175
(5), 120 (26), 92 (53), 85 (11). Anal. Calcd foi1/,NOS: C, 58.39;

H, 6.41; N, 5.24. Found: C, 58.55; H, 6.44; N, 5.47.

Preparation of Quaterpyridine Ligands. 4-Methyl-4'-(ethylthio)-
2,2:6',2":6",2"-quaterpyridine (1b). To a suspension of 0.56 g (5.0
mmol) of potassiuntert-butoxide in 3 mL of dry THF under nitrogen
gas and cooled in an ieavater bath was added a solution of 0.45 g
(2.3 mmol) of4in 5 mL of THF. The cooling bath was removed, and
0.61 g (2.3 mmol) oB was added. The mixture was stirred for 36 h
at ambient temperature, after which 1.8 g (23 mmol) of,8KAc and

(m), 1092 (m), 1072 (m), 825 (m), 783 (s), 598 (m). EI-MS (70 eV):
m/z (relative intensity) 356 (M, 100), 355 (37), 311 (9), 310 (29),
309 (5), 232 (1), 205 (11), 182 (3), 178 (7), 170 (1), 162 (1), 156 (3).
Anal. Calcd for GiH1eN4S: C, 70.76; H, 4.52; N, 1572. Found: C,
70.51; H, 4.59; N, 15.79.
4-Ethyl-4'-(ethylthio)-2,2':6',2":6",2""-quaterpyridine (1c). The
preparation of this compound was analogous to that of compa&and
from 0.41 g (2.8 mmol) o6, 0.70 g (2.1 mmol) ofll, 0.68 g (6.1
mmol) of potassiuntert-butoxide, 2.2 g (29 mmol) of NiDAc, and
14 mL of glacial acetic acid. Column chromatography (20:80 NHEt
hexanes/silica gel and then 60:40 CgtcPhMe/aluminium oxide) gave
0.021 g of1l1 and 0.50 g (60%) ofL.c after recrystallization of the
latter (EtOAc-pentane). Mp: 141:5141.8°C. 3C NMR (75 MHz,
CDCly): ¢ 156.06 (C), 155.70 (C), 155.19 (C), 155.14 (C), 155.01
(C), 154.77 (C), 153.78 (C), 151.01 (C), 149.00 (CH), 148.89 (CH),
137.64 (CH), 136.75 (CH), 123.64 (CH), 123.46 (CH), 121.21 (CH),
121.03 (CH), 120.97 (CH), 120.88 (CH), 117.87 (CH), 117.52 (CH),
28.43 (CH, 7/8-C), 25.04 (CH, 7/8-C), 14.41 (CH, 8/9-C), 13.70
(CHs, 8/9-C). IR (KBr): » 3076 cnit (w), 2968 (m), 2929 (m), 2871
(w), 1562 (s), 1537 (s), 1471 (m), 1456 (m), 1428 (s), 1385 (s), 1319
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(w), 1261 (m), 849 (m), 787 (s), 771 (s). EI-MS (70 e\ijvz (relative
intensity) 398 (M, 100), 397 (37), 383 (10), 371 (20), 370 (79), 369
(14), 365 (20), 338 (17), 205 (9), 199 (10), 185 (8), 155 (8). Anal.
Calced for G4H2oN4S: C, 72.33; H, 5.56; N, 14.06. Found: C, 72.01;
H, 5.53; N, 14.02.

4-tert-Butyl-4'-(ethylthio)-2,2":6',2":6"",2""'-quaterpyridine (1d).

Constable et al.

156.74 (C), 156.50 (C), 155.62 (C), 155.56 (C), 153.88 (C), 153.29
(C), 149.14 (CH), 148.30 (C), 138.00 (CH), 136.95 (CH), 125.66 (CH),
123.99 (CH), 122.48 (CH), 122.28 (CH), 121.95 (CH), 121.92 (CH),
121.14 (CH), 121.05 (CH), 117.11 (C), 21.32 (§H-C). IR (KBr):

v 3059 cnrt (w), 2924 (m), 2853 (M), 2235 (w), 1595 (m), 1577 (m),
1552 (s), 1459 (m), 1391 (m), 1375 (m), 1268 (m), 1082 (m), 988 (m),

The preparation of this compound was analogous to that of compound 888 (m), 828 (m), 790 (s), 749 (m), 661 (m). EI-MS (70 e\fjvz

lafrom 0.71 g (2.2 mmol) ofL1, 0.50 g (2.8 mmol) 0B, 0.63 g (5.6
mmol) of potassiuntert-butoxide, 2.2 g (29 mmol) of NKDAc, and
14 mL of glacial acetic acid. Column chromatography (20:80 NHEt
hexanes/silica gel) afforded 0.13 gbf and 0.31 g (33%) oid after
recrystallization (hexanes) of the latter compound. Mp: 137138.5
°C. 13C NMR (75 MHz, CDC}): 6 160.87 (C), 156.17 (C), 155.80
(C), 155.50 (C), 155.24 (C), 155.09 (C), 154.81 (C), 151.08 (C), 149.09
(CH), 148.96 (CH), 137.81 (CH), 136.87 (CH), 123.74 (CH), 121.14
(CH), 121.06 (CH), 118.28 (CH), 117.96 (CH), 117.68 (CH), 34.96
(C, 7-C), 30.62 (CH 8-C), 25.13 (CH, 8-C), 13.78 (CH, 9-C). IR
(KBr): v 3062 cnt! (w), 2964 (m), 2927 (m), 2864 (m), 1564 (s),
1542 (s), 1473 (m), 1460 (m), 1423 (m), 1377 (s), 1327 (w), 989 (w),
870 (w), 843 (w), 825 (m), 783 (m), 744 (m), 660 (m). EI-MS (70
eV): m/z (relative intensity) 426 (M, 100), 425 (37), 412 (14), 411
(49), 399 (16), 398 (59), 393 (14), 384 (11), 370 (22), 250 (5), 213
(10), 205 (12), 198 (9), 192 (6), 184 (4). Anal. Calcd forhdreNa:
C, 73.21; H, 6.14; N, 13.13. Found: C, 73.37; H, 6.19; N, 13.07.
6-Methyl-4'-(ethylthio)-2,2:6',2":6",2"'-quaterpyridine (1€). The
preparation of this compound was analogous to that of compaand
from 0.54 g (2.0 mmol) ofL0, 0.40 g (2.0 mmol) o#4, 0.45 g (4.0
mmol) of potassiuntert-butoxide, 1.3 g (17 mmol) of NiDAc, and
8 mL of glacial acetic acid. After column chromatography (20:80
NHEt—hexanes/silica gel and then 60:40 Cht&PhMe/aluminium
oxide) and recrystallization (CH&tpentane), 0.37 g (46%) dewas
obtained as colorless plates. Mp: 127128°C. °C NMR (75 MHz,
CDCl): ¢ 157.67 (C), 156.12 (C), 155.25 (C), 155.21 (C), 155.11
(C), 155.08 (C), 154.81 (C), 150.87 (C), 149.14 (CH), 137.76 (CH),
136.99 (CH), 136.89 (CH), 123.77 (CH), 123.42 (CH), 121.37 (CH),
121.16 (CH), 121.08 (CH), 118.44 (CH), 117.75 (CH), 25.22 {CH
8-C), 24.73 (CH, 7-C), 13.86 (CH, 9-C). IR (KBr): v 3049 cm?t
(w), 2974 (m), 2927 (m), 2871 (w), 1562 (s), 1543 (s), 1458 (s), 1429
(m), 1396 (s), 1263 (m), 1126 (m), 1082 (m), 984 (m), 874 (m), 810
(m), 779 (s). EI-MS (70 eV):m/z (relative intensity) 385 (M, 80),
383 (10), 369 (16), 356 (100), 355 (10), 351 (31), 324 (31), 323 (8),
312 (15), 205 (12), 192 (10), 178 (11), 155 (8), 142 (6). Anal. Calcd
for CosHaoN4S: C, 71.85; H, 5.24; N, 14.57. Found: C, 71.41; H,
5.22; N, 14.54.
4-Methyl-4'-(ethylsulfonyl)-2,2:6',2":6",2""-quaterpyridine (1f).
A mixture of 0.41 g (1.1 mmol) ofitb and 0.43 g (2.1 mmol, 85%
pure) of 3-chloroperbenzoic acid in 5 mL of @El, was stirred

(relative intensity) 349 (M, 100), 348 (18), 324 (3), 323 (2), 321 (4),
271 (3), 257 (2), 244 (1), 230 (2), 192 (2), 174 (6), 155 (4). Anal.
Calcd for GoHisNs: C, 75.63; H, 4.33; N, 20.04. Found: C, 75.33;
H, 4.52; N, 19.79.

4-Methyl-2,2':6',2":6"",2'""-quaterpyridine (1h). The preparation
of this compound was analogous to that of compoladrom 0.67 g
(3.4 mmol) of4, 0.65 g (3.4 mmol) ofl2, 0.83 g (7.4 mmol) of
potassiuntert-butoxide, 1.4 g (18 mmol) of N¥DAc, and 4.5 mL of
glacial acetic acid. After column chromatography (10:90 NHEt
hexanes/silica gel and then 60:40 Chtcthexanes/aluminum oxide)
and recrystallization (EtOH), 0.102 g (9.3%) 4f as colorless plates
was obtained. Mp: 175:5176.5°C. 13C NMR (75 MHz, CDC}): 6
156.26 (C), 156.02 (C), 155.50 (C), 155.46 (C), 155.38 (C), 155.33
(C), 149.11 (CH), 148.95 (CH), 147.99 (C), 137.79 (CH), 137.75 (CH),
136.85 (CH), 124.75 (CH), 123.74 (CH), 121.94 (CH), 121.19 (CH),
121.16 (CH), 121.06 (CH), 120.96 (CH), 21.35 (¢H-C). IR
(KBr): » 3051 cnt! (m), 2999 (w), 2943 (w), 1606 (m), 1577 (s),
1566 (s), 1473 (M), 1446 (m), 1423 (s), 1400 (m), 1269 (m), 989 (m),
814 (m), 781 (s), 754 (m), 658 (m), 633 (M). EI-MS (70 e\jvz
(relative intensity) 324 (M, 100), 323 (28), 309 (3), 298 (3), 297 (3),
282 (2), 261 (2), 259 (1), 246 (6), 244 (2), 232 (5), 230 (2), 219 (3),
205 (3), 169 (5), 162 (5), 155 (6). Anal. Calcd fopB1eNa: C, 77.76;
H, 4.97; N, 17.27. Found: C, 77.00; H, 4.98; N, 17.08.

4-tert-Butyl-2,2":6',2":6"",2""-quaterpyridine (1i). The preparation
of this compound was analogous to that of compotiadrom 0.56 g
(3.2 mmol) of8, 1.05 g (4.2 mmol) ofl3, 0.95 g (8.5 mmol) of
potassiuntert-butoxide, 1.6 g (21 mmol) of N¥DAc, and 5.2 mL of
glacial acetic acid. After column chromatography (PhMe and then 10:
90 NHEb—hexanes, both on aluminum oxide) and recrystallization
(hexanes), 0.26 g (22%) &f as pale yellow microcrystals was obtained.
Mp: 122-123°C. C NMR (75 MHz, CDC}): 6 160.83 (C), 156.20
(C), 156.06 (C), 155.72 (C), 155.36 (C), 155.27 (C), 155.21 (C), 149.05
(CH), 137.80 (CH), 137.71 (CH), 136.81 (CH), 123.70 (CH), 121.15
(CH), 120.93 (CH), 120.87 (CH), 120.83 (CH), 118.01 (CH), 34.94
(C, 7-C), 30.60 (CH 8-C). IR (KBr): v 3059 cn1! (w), 2966 (m),
2868 (w), 1592 (w), 1566 (s), 1473 (m), 1425 (m), 1400 (m), 1271
(m), 1109 (w), 814 (m), 779 (s), 752 (W), 658 (w). EI-MS (70 eV):
m/z (relative intensity) 366 (M, 88), 365 (58), 351 (100), 349 (5),
345 (5), 344 (4), 335 (6), 324 (12), 310 (39), 309 (14), 289 (4), 282
(3), 232 (5), 205 (3), 183 (6), 176 (10), 175 (14). Anal. Calcd for

overnight at ambient temperature. At the end of that time, the solvent CasHz22Na: C, 78.66; H, 6.05; N, 15.29. Found: C, 78.53; H, 6.03; N,
was removed under reduced pressure, and the residual material wad-5-13.

dissolved in CHG. The organic solution was washed with a saturated
NaHCGQ; solution (5 x 8 mL) and once with brine and dried (Na
SQy). Recrystallization (4:1 EtOHEtOAC) afforded 0.34 g (74%) of
1f as fine yellow needles. Mp: 26204.5°C. 3C NMR (75 MHz,
CDCk): 6 157.72 (C), 157.44 (C), 155.86 (C), 155.68 (C), 154.27
(C), 153.78 (C), 149.30 (CH), 149.17 (CH), 148.97 (C), 148.30 (C),
138.07 (CH), 137.12 (CH), 125.68 (CH), 124.06 (CH), 122.23 (CH),
122.01 (CH), 121.40 (CH), 118.73 (CH), 118.30 (CH), 50.09 {CH
8-C), 29.69 (CH, 7/9-C), 7.19 (CH, 7/9-C). IR (KBr): v 3095 cnt?
(W), 2931 (w), 2850 (w), 1604 (w), 1560 (s), 1375 (m), 1317 (s), 1269
(m), 1143 (s), 827 (m), 785 (m), 723 (m), 660 (w), 534 (m). EI-MS
(70 eV): m/z (relative intensity) 416 (M, 30), 352 (11), 351 (15),
324 (100), 323 (10), 205 (14), 182 (3), 162 (8), 155 (9), 142 (10).
Anal. Calcd for GsH20N4O,S: C, 66.33; H, 4.84; N, 13.45. Found:
C, 66.22; H, 5.06; N, 13.20.
4-Methyl-4'-cyano-2,2:6',2":6",2""-quaterpyridine (1g). A mix-
ture of 0.22 g (0.54 mmol) otf and 0.38 g (6 mmol) of potassium
cyanide in 8 mL of dry DMF was heated under reflux for 96 h under
nitrogen gas. The mixture was poured into a brine solution (30 mL)
and extracted with CHGI3 x 5 mL). The combined organic extracts
were washed with water (% 5 mL) and once with brine and dried
(NaSQy). After solvent removal under reduced pressure, recrystalli-
zation (EtOH-EtOAc) gave 0.16 g (83%) dfg as beige plates. Mp:
189.7-190.4°C. *3C NMR (75 MHz, CDC}): ¢ 200.45 (C, 7-C),

General Preparation of the Dicopper(l) Helicates of Ligands 1a
i. Mixtures ofla—i and tetrakis(acetonitrile)copper(l) hexafluorophos-
phate were heated in degassed methanol under reflux under an
atmosphere of Nor Ar (1d, 1h and1i) for 30—60 min. After this, the
gtpy ligands had dissolved and deep red solutions had been obtained.
Methanolic ammonium hexafluorophosphate was added to the hot
solutions, and after-12 h at room temperature, the supernatant solvent
was removed with a pipet. The precipitated complexes were washed
twice with cold methanol and dried under vacuum. The crude
complexes were recrystallized after filtration of a solution through a
small amount of Celite.

[Cuz(1a)][PFel2. Combination of 30 mg (0.084 mmol) dfa, 31
mg (0.084 mmol) of [(CHCN),Cu][PFs] in 3 mL of MeOH, and 250
mg of [NH4][PFg] resulted in 21 mg (44% vyield) of the product after
recrystallization (%) from MeCN-EtO. IR (KBr): » 3093 cnt? (w),
1601 (s), 1462 (m), 1437 (w), 1419 (w), 1402 (w), 1327 (w), 1252
(w), 1167 (w), 1117 (w), 1230 (m), 840 (s), 783 (m), 557 (s). FAB-
MS (NBA): mv/z (relative intensity) 984 (4.1, G(La),), 440 (4.9, Cu-
(1a). Anal. Calcd for GHz:CwF12NsP.S,: C, 44.65; H, 2.85; N,
9.92. Found: C, 44.0; H, 3.6; N, 9.7.

[Cux(1b),][PFe].. Combination of 50 mg (0.13 mmol) dfb, 47
mg (0.13 mmol) of [(CHCN),Cu][PFg] in 7 mL of MeOH, and 250
mg [NH,][PFe] resulted in 63 mg (82% yield) of the product. The
sample for the combustion analysis was twice recrystallized from
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MeCN—EO. H NMR (300 MHz, (C2);SO): 6 7.61-8.26 (m, 10H),
7.36-7.40 (m, H-5""), 7.29-7.33 (m, H-5"), 7.22 (dJ = 4.4 Hz,
HA-5), 7.14 (d,J = 4.9 Hz, H-5), 3.24 (9, = 7.1 Hz, H-8), 2.49 (s,
HA-7), 2.44 (s, B-7), 1.41 (t,J = 7.1 Hz, H-9). 13C NMR (75 MHz,
(CD3),S0): 6 153.12, 153.00, 152.86, 152.61, 150.86, 150.80, 150.54,
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[Cux(1h),][PFe].. Combination of 30 mg (0.093 mmol) dfh, 36
mg (0.097 mmol) of [(CHCN),Cu][PFs] in 6 mL of MeOH, and 120
mg of [NH4][PFe] resulted in 20 mg (41%) of the product after
recrystallization (%) from MeCN—diisopropyl ether. IR (KBr):v
1616 cnt* (m), 1597 (m), 1508 (w), 1458 (m), 1431 (w), 1404 (w),

150.43, 150.26, 150.11, 150.01, 149.85, 149.24, 148.96, 148.14, 147.811294 (w), 1018 (w), 841 (s), 777 (m), 696 (w), 557 (m). FAB-MS
138.40, 137.55, 137.37, 127.02, 126.88, 126.38, 126.10, 125.58, 125.49(NBA): mz (relative intensity) 776 (4.3, G(Lh),), 387 (100, Cu-

122.84,122.14, 122.08, 121.825, 120.94, 120.54, 117.34, 24.16 (CH
8-C), 20.94 (CH, 7-C"), 20.66 (CH, 7-C%), 13.52 (CH, 9-C"B), 13.40
(CHs, 9-C*). IR (KBr): v 2958 cn1! (w), 2914 (w), 1588 (s), 1535
(w), 1452 (m), 1413 (w), 1379 (w), 1240 (w), 1118 (w), 840 (s), 774
(m), 557 (s). FAB-MS (NBA): m/z (relative intensity) 1041 (5.7, Gu
(lb)z), 449 (527, CLmb)) Anal. Calcd for Q6H40CU2F12N3P2822 C,
46.58; H, 3.40; N, 9.45. Found: C, 45.77; H, 3.50; N, 9.19.

[Cux(1c)][PFelo. Combination of 10 mg (0.025 mmol) dfc, 10
mg (0.027 mmol) of [(CHCN),Cu][PFg] in 4 mL of MeOH, and 100
mg of [NH,][PF¢] resulted in 12 mg (79% yield) of the product after
recrystallization (%) from MeCN-EtO. IR (KBr): v 2970 cnt (w),
2873 (w), 1587 (m), 1456 (m), 1404 (w), 1383 (w), 1119 (w), 839 (s),
777 (m), 557 (m). TOF-MS (5000 V; 2,3-dihydroxybenzoic acid
matrix): m/z 1070 (Cuy(1c)z). Anal. Calcd for GgHasCupF12NsPoSs:
C, 47.49; H, 3.65; N, 9.23. Found: C, 46.95; H, 3.47; N, 9.35.

[Cux(1d),][PFg)2. Combination of 41 mg (0.096 mmol) dfd, 44
mg (0.12 mmol) of [(CHCN),Cu][PFg] in 7 mL of MeOH, and 200
mg of [NH,][PFg] resulted in 10 mg (16% yield) of the product after
recrystallization (%) from MeOH—EO. IR (KBr): v 2966 cnt? (w),
2873 (w), 1589 (m), 1543 (w), 1483 (w), 1456 (m), 1383 (m), 1275
(w), 1117 (m), 841 (m), 77 (m), 557 (s). FAB-MS (NBA)wz (relative
intensity) 1127 (5.4, G(1d)2(PFs)), 980 (2.0, Cu(1d)2), 489 (100, Cu-
(1d)). Anal. Calcd for GHs:CuF12NsP.S,: C, 49.17; H, 4.13; N,
8.82. Found: C, 48.66; H, 4.28; N, 8.77.

[Cuz(1e}][PFel2. Combination of 30 mg (0.078 mmol) dfe, 35
mg (0.094 mmol) of [(CHCN),Cu][PFg] in 5 mL of MeOH, and 300
mg of [NH4][PF¢] resulted in 38 mg (82% vyield) of the product. The
sample for the combustion analysis was twice recrystallized from
MeCN-EtO. H NMR (300 MHz, (C1),SO): 6 7.58-8.33 (m, 10H),
7.34-7.46 (m, H-5, H-5'), 2.49-3.24 (m, 8H), 1.91 (s, #-7), 1.80
(s, HB-7), 1.371.41 (m, H-9). °C NMR (75 MHz, (C¥);SO):
156.31 (C), 156.03 (C), 153.44 (C), 153.41 (C), 152.94 (C), 152.85
(C), 150.72 (C), 150.54 (C), 150.27 (C), 150.05 (C), 149.89 (C), 149.65
(C), 148.55 (CH), 148.47 (CH), 138.54 (CH), 138.38 (CH), 137.75
(CH), 137.64 (CH), 137.56 (CH), 126.42 (CH), 126.14 (CH), 126.01
(CH), 125.94 (CH), 125.20 (CH), 124.70 (CH), 122.24 (CH), 122.05
(CH), 121.98 (CH), 121.78 (CH), 120.45 (CH), 120.04 (CH), 119.74
(CH), 117.55 (CH), 24.82 (CK 7-C"), 24.56 (CH, 7-C®), 24.13 (CH,
8-C), 13.44 (CH, 9-C). IR (KBr): v 1597 cntt (m), 1576 (m), 1541
(w), 1460 (m), 1396 (w), 1136 (w), 1011 (w), 841 (s), 781 (m), 557
(m). FAB-MS (NBA): m/z (relative intensity) 1041 (5.7, G(Le).-
(PFRs)), 896 (3.5, Cu(1e),), 447 (77, Cule). Anal. Calcd for GeHao-
CwF12NsP.S,: C, 46.58; H, 3.40; N, 9.45. Found: C, 46.28; H, 3.47;
N, 9.63.

[Cux(1),])[PFe]2. Combination of 30 mg (0.072 mmol) dff, 32
mg (0.086 mmol) of [(CHCN),Cu][PF] in 4.5 mL of MeOH, and
300 mg of [NH][PF¢] resulted in 35 mg (78% yield) of the product.
The sample for the combustion analysis was twice recrystallized from
MeCN—-E®O. IR (KBr): v 3078 cn1? (w), 2925 (w), 1612 (m), 1597
(m), 1458 (m), 1406 (m), 1319 (m), 1236 (w), 1149 (m), 841 (s), 719
(w), 559 (m). FAB-MS (NBA): m/z (relative intensity) 1102 (6.6,
Cuwy(1)2(PFs)), 959 (5.9, Cu(1f)), 479 (100, Cutf)). Anal. Calcd
for CyeHioCwF12NgO4P:S,: C, 44.20; H, 3.23; N, 8.96. Found: C,
43.18; H, 3.35; N, 8.70.

[Cux(1g)][PFe)2. Combination of 30 mg (0.086 mmol) dfg, 32
mg (0.09 mmol) of [(CHCN),Cu][PFg] in 3.5 mL of MeOH, and 300
mg of [NH,][PF¢] resulted in 26 mg (54% yield) of the product after
recrystallization (%) from MeCN-Et,0. Partial decomposition of this
material was evident from théd NMR spectrum. IR (KBr):v 3093
cm (w), 2929 (w), 2241 (w), 1612 (m), 1545 (w), 1458 (m), 1415
(m), 1234 (w), 843 (s), 779 (m), 557 (m). FAB-MS (NBAM/z
(relative intensity) 971 (2.4, G((19)2(PFs)), 826 (1.7, Cw((19)2), 412
(100, Cu(lg). Anal. Calcd for GsHzoCuF12N10Ps: C, 47.36; H, 2.71;
N, 12.55. Found: C, 44.84; H, 3.13; N, 11.44.

(2h)). Anal. Calcd for GH3:CwF12NgP2: C, 47.33; H, 3.03; N, 10.51.
Found: C, 46.70; H, 2.99; N, 10.46.

[Cux(1i)z][PFe]l2. Combination of 30 mg (0.082 mmol) dfi, 31
mg (0.08 mmol) of [(CHCN),Cu][PF] in 3 mL of MeOH, and 200
mg of [NH4][PFe] resulted in 39 mg (83%) of the product after
recrystallization (%) from MeCN-E$0. IR (KBr): » 2970 cn1 (m),

1597 (m), 1568 (m), 1460 (m), 1429 (w), 1379 (w), 1252 (w), 839 (s),
777 (M), 754 (w), 557 (m). FAB-MS (NBA)m/z (relative intensity)
1005 (5.4, Cy(1i)»(PF)), 860 (3.3, Cu(1i),), 429 (100, Cuti)). Anal.
Calcd for GgHasCWwF12NsP2: C, 50.14; H, 3.86; N, 9.74. Found: C,
49.62; H, 3.99; N, 9.62.

X-ray Structure Determination of 1b and 1h. Compoundslb
and 1h crystallize as cube-shaped, colorless crytals. Samples were
attached with glue on a glass fiber and mounted on the diffractometer.
Unit cell parameters were determined by carefully centering 25
independent, strong reflections with 22268 6 < 42.67 (1b) and
23.25 = 6 =< 45.63 (1h). Data collection was carried out at room
temperature using an Enraf-Nonius CAD4 diffractometer equipped with
a Cu Ko fine-focus sealed tube and with a graphite monochromator.
Reflections with 2.56 < 6 < 74.33 (1b) and 2.38 < 6§ < 77.50
(1h) were measured. No significant intensity loss was observed during
either data collection.

The usual corrections were applied to both, and absorption correction
was carried out using DIFABS. The structure oflb was solved by
direct methods using the program SHELXS®@nd that oflh was
likewise solved using the program SIR%2 Anisotropic least squares
full matrix refinement for both was carried out on all non-hydrogen
atoms using the program CRYSTAE hydrogen atoms are in calculated
positions. Parameter refinement for both was implemented with
30(l) and completed using Chebychev weightsScattering factors
were taken from the International Tables, Vol. IV, Table 2.2B. The
fractional coordinates have been deposited at the Cambridge Crystal-
lographic Data Center. The data and parameters used are summarized
in Table 2.
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