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Figure 2. Plot of molar susceptibility for 1 from 1010 250 K. The open
circles are data; the line is the best fit to the Van Vieck equation (see
ext). Also shown is the structure of the Vi g0g* ion (VIV-VIV = 4 44

A)."

decomposed Lhe cluster to give the same uncharacterizable mixture.
This behavior was somewhat unexpected, considering that many
polyoxoanion structures are stable to oxidation or reduction.’ It
is interesting to note that the well-known'® H,V (0,4’ displays
irreversible reduction chemistry, at least in acetonitrile solution.

The solution ESR spectrum of V,,05¢* reported by Heitner-
Wirguin and Selbin shows a 15-linc pattern with a(*'V) = 102
G, consistent with coupling to two equivalent >V nuclei (/ = 7/,).
In order for two d! centers to give rise to this type of pattern, the
coupling between the triplet and singlet electronic states must be
at feast a great as the hyperfine coupling in the ESR spectrum
(~0.0] cm™ at 9.5 GHz).)!  With this in mind, we undertook
a thorough investigation of the magnetic propertics of the com-
pound. Figure 2 shows data for corrected molar susceptibility
(X" as a function of temperature; superimpased is the best-fit
curve for the susceptibility derived from the Van Vieck equation
(eq 2).”? which assumcs an interaction of the form % = -2JS,:S,.

"\’525 : 1 -2J'
X = 1

T + 3f:xp(k,r”'i-TlP 2)
The compound has u.r = 1.85 pg'? per VIV center at 293 K,
perhaps suggestive of ferromagnetic coupling. The curve shown
is for 2 = 0.9 em™, indicating 2 weak ferromagnetic coupling
(i.e., triplet ground state), which is ~ 100 times greater than the
coupling necessary to rationalize the ESR spectrum. The tem-
perature-independent paramagnetism (TIP) is estimated to be ~3
% 10~ cgsu/mol, considered normal far a firsi-row complex.'*
Dimeric vanadyl(IV) tartrate complexes, which are structurally
similar 1o V ;05" also display ferromagnetic coupling;'® however,
the quality of the published data is not sufficient to allow for
meaningful comparisons. To date, these are the only known
ferromagnetjcally coupled vanady] complexcs.'¢
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In recent years considerable effort has been expended in trying
to better understand the chemistry of ruthenium(1l) diimine
complexes. Much of this work has becn directed toward the
ultimate realization of an cffective photoredox catalyst.! Two
features that arc important in the development of such a species
are the absorption of light of uscful wavelength and the existence
of a sufficiently long-lived excited state 1o allow electron (ransfer
to compete favorably with internal return to the ground state. In
the area of Ru(bpy);®* chemistry (bpy = 2,2'-bipyridine), the
primary design emphasis has focused on variation of the electronic
and steric properties of the ligands to help control and modify the
propertics of their complexes.’

A ligand very closely related 10 bpy, which coordinates readily
with ruthenium(I1) in a 2:1 fashion, is 2,2":6".2"-terpyridine (1py).}
Ruo(tpy),?* has been less widely studied primarily becausc its
room-temperature excited-state lifetime is much shorter than that
of Ru(bpy);**, although the underlying reasons for this are not
clearly undersiood.* Nevertheless, (py complexes are of funda-
mental interest for several reasons. These complexes exhibic a
symmetry different from that of analogous bpy complexes.
Substitution at the 4’-position of 1py docs not alter the symmetry
of a Ru(tpy),?* complex, while monosubstitution on a bpy ligand

(1) (a) Juris, A.; Balzani, V_; Barigellati, F.: Campagna, S.; Belser, P von
Zclewsky, A. Coord. Chem. Rer. 1988, 84,85 (b) Kalyanasundaram,
K. Coord. Chens. Rev. 1982, 46,155, (c) Wans, R. ). J. Chem. Educ.
1983, 60, 834. (d) Bignozzi, C. A.; Chiorboli, C.; Ipdelli. M. T
Scandola, M. A. R.: Varani, G.; Scandola, F. J. Am. Chent. Soc. 1986,
108, 7872 (¢) Abruna, B, D.; Teng, A. Y. Samucls, G. J.: Meyer, T.
J. 4. Am. Chem. Soc. 1979, 101, 6745, (f) Lehn, J.-M; Sauvage, J. P;
Ziessel, R. Nouw. J. Chim. 1979, 3, 423, (g) Juris, A.; Barigelletti, F.;
Balzani, V; Belser, P.; von Zelewsky, A, f3r. J. Chem. 1982, 22,87, (h)
Connoally, J. S. Photochemical Conversion and Storage of Solar Energy:
Academic Press: New York, 1981 Chapters 4 and 6 and references
therein.
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P.. von Zclewsky, A. Imorg. Chem. 1987, 26, 4115, (f) Balzani, V.,
Juris, A.; Barigelletti, F.; Belser. P.: von Zelewsky, A. Sci. Pap. Fnsi.
Phys. Chem. Res. (Jpn.) 1984, 78, 78.

(3) Constable, E. C. Adv. [norg. Chem. Radiochern. 1986, 10, 69.
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Chem. Soc. 1985, 07, 1118,
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Table I. 'H NMR Data for Ruthenium(II) Complexes RuL,(PFg),?
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complex H, H, H, H, H, Hp H,? R CH,
Ru(da)2* 737 7.12 7.61 7.67 775 7.6 3.32/3.21
Ru(db),?* 7.45 7.08 7.63 7.52 732 2.52 3.27/3.19
Ru(de);? 7.32 7.08 7.63 7.55 7.72 3.29/3.17
Ru(dd);** 7.42 7.09 7.62 7.30 7.09 3.26
Ru(de),>* 7.35 7.11 7.65 7.82 8.54 3.30/3.16
Ru(5a);2* 7.45 7.20 7.96 8.67 9.03 8.22 7.78 7.69

Ru(5b),2* 7.43 7.18 7.95 8.65 9.00 8.11 7.58 2.54

Ru(5¢),? 7.41 7.19 7.95 8.64 8.98 8.19 7.78

4 At 300 MHz in CD,CN; chemical shifts reported in ppm downfield from internal Me,Si. All peak multiplicities were as expected. ®H, = phenyl

proton ortho to tpy; H,, = phenyl proton meta to tpy.

disrupts the symmetry of its corresponding tris complex and leads
to the potential for geometric isomerism. Furthermore, the
pyridine rings in Ru(bpy),?* all bind in an equivalent fashion, while
for the tpy complex the two outer pyridine rings clearly bind
differently from the central one. These differences raise some
interesting questions concerning the nature of ruthenium complexes
of tpy as compared to those of bpy.

Experimental Section

Nuclear magnetic resonance spectra were obtained in CD,CN on a
General Electric QE-300 spectrometer operating at 300 MHz, and
chemical shifts are reported in parts per million downfield from Me,Si.
Ultraviolet spectra were obtained for CH3CN solutions on a Perkin-El-
mer 330 spectrophotometer.

Cyclic voltammograms were recorded by using a BAS CV-27 volt-
ammograph and a Houston Instruments Model 100 X-Y recorder. A
three-electrode system was employed, consisting of a platinum-button
working electrode, a platinum-wire auxiliary electrode, and a saturated
calomel reference electrode. The reference electrode was separated from
the bulk of the solution by a cracked-glass bridge filled with 0.1 M TBAP
in dimethyl sulfoxide (DMSO). Deaeration of all solutions was per-
formed by passing high-purity nitrogen over the solution while mea-
surements were being made. Reagent grade DMSO was distilled from
CaH, under nitrogen. The supporting electrolyte, tetra-n-butyl-
ammonium perchlorate (TBAP), was recrystallized from EtOAc/hexane,
dried, and stored in a desiccator. Half-wave potentials were calculated
as an average of the cathodic and anodic peak potentials.’

The bridged ligands 4a—e were obtained according to a previously
described procedure.® The unbridged ligands Sa—c were prepared by the
reaction of 2-acetylpyridine with the appropriate benzaldehyde derivative
according to the method of Chichibabin.’

Preparation of Ruthenium Complexes. A mixture of 1 equiv of ru-
thenium(III) chloride trihydrate (Aldrich) and 2.5 equiv of the ter-
pyridine ligand in ethanol/H,0 (1:1) was refluxed under nitrogen for 15
h. The mixture was cooled and treated with 2.5 equiv of NH,PF, dis-
solved in a minimum amount of H,O. The resulting precipitate was
collected, dried, and chromatographed on alumina by elution with
CH;CN/toluene (3:1 to 1:1). The latter fractions afforded the complex
as a red solid, which was characterized by 'H NMR spectroscopy (300
MHz) (see Table I.) The ruthenium complexes of 1-3 have been de-
scribed previously.?

Results and Discussion

The model for the emitting metal-to-ligand charge-transfer
(MLCT) state that is most widely accepted today for rutheni-
um(II) diimine complexes involves a localized excited state.? In
other words, charge density from the photoexcited metal center

(5) Bard, A. J,; Faulkner, L. R. Electrochemical Methods; Wiley: New
York, 1980; p 227.

(6) Hegde, V.; Jahng, Y.; Thummel, R. P. Tetrahedron Lett. 1987, 28,
4023.

(7) Frank, R. L.; Riener, E. F. J. Am. Chem. Soc. 1950, 72, 4182,

(8) Thummel, R. P; Jahng, Y. Inorg. Chem. 1986, 25, 2527.

(9) (a) Kumar, C. V,; Barton, J. K.; Gould, I. R.; Turro, N. J.; van Houten,
J. Inorg. Chem. 1988, 27, 648. (b) Caspar, J. V.; Westmoreland, T.
D.; Allen, G. H.; Bradley, P. G.; Meyer, T. J.; Woodruff, W. H. J. Am.
Chem. Soc. 1984, 106, 3492. (c) Smothers, W. K.; Wrighton, M. S.
J. Am. Chem. Soc. 1983, 105, 1067. (d) Kober, E. M.; Meyer, T. J.
Inorg. Chem. 1982, 21, 3967. (e) Forster, M.; Hester, R. E. Chem.
Phys. Lett. 1981, 81, 42. (f) Bradley, P. G.; Kress, N.; Hornberger, B.
A.; Dallinger, R. F.; Woodruff, W. H. J. Am. Chem. Soc. 1981, 103,
7441. (g) Braterman, P. S.; Harriman, A.; Heath, G. A.; Yellowlees,
L. J. J. Chem. Soc., Dalton Trans. 1983, 1801. (h) Carlin, C. M_;
DeArmond, M. K. Chem. Phys. Lett. 1982, 89, 297.
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Figure 1. Electronic absorption spectra of tris(diimine)ruthenium(II)
complexes (2 X 107 M in CH4CN; bpy = 2,2-bipyridine; big = 2,2’-
biquinoline; binap = 2,2’-bi-1,8-naphthyridine).2®
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Figure 2. Electronic absorption spectra of bis(triimine)ruthenium(II)
complexes (2 X 10~ M in CH,CN) 2

is not delocalized over all the ligands but shows distinct components
for different diimine ligands, favoring those which are best able
to accept negative charge. The more electronegative the ligand,
the lower the energy of this MLCT state and the longer the
wavelength of the absorbed light. This situation is illustrated in
Figure 1 for three RuL,?* complexes where L is varied from bpy,
to 2,2’-biquinoline (biq), to 2,2’-bi-1,8-naphthyridine (binap).?
As the electronegativity of the ligand increases, the absorption
curve shifts progressively to longer wavelength.

If one considers a series of analogous terpyridine ligands, the
situation is somewhat different. Figure 2 illustrates the absorption
spectra for the symmetrical complexes RuL,?* where L is varied
from 1to 3.8 Notice that the envelope of absorption extends in
a regular fashion toward longer wavelength, but the onset of
absorption at shorter wavelength changes only slightly. Notice
also that the absorption intensity for the tpy complex, Ru(1),-
(PFg),, at its maximum is more than twice that of the other two
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complexes. One explanation for these observations is that MLCT
for terpyridine complexes is made up of components associated
with the central and distal aza-aromatic rings of the ligand. For
complexes of 2 and 3, the shorter wavelength portion of the
absorption band might be associated with the central pyridine ring
and the longer wavelength component with the more electro-
negative distal rings. For the tpy complex both the central and
distal rings are pyridines, leading to the more narrow and intense
absorption at shorter wavelength.

This conclusion is supported by our earlier observations with
Ru(II) complexes of a series of 3,3":5’,3”-bis(polymethylene)-
bridged derivatives of tpy.! We found that increasing nonplanarity
of the ligand had only a small effect on the energy or intensity
of the MLCT absorption. This observation would be consistent
with partially localized metal-to-ligand interactions for the central
and distal pyridine rings of these ligands where delocalization of
charge favored by resonance interaction would be less important.
Efforts to interpret the absorption spectra of mixed-ligand Ru(II)
complexes involving tpy would also be clarified by this theory.!

To further investigate the nature of the MLCT state for tpy
complexes we have studied the series of ligands 4, which incor-
porate a para-substituted 4’-phenyl substituent. The nature of

Z
<
= N 1 =
N ‘ N N .~
4m R=H 5a R=H
b R=CH, b R=CH,
¢ R=Cl ¢ R=Cl
d R=NMe,
e R=NO,

the substituent R has been varied to span a range of electron-
donating and -withdrawing groups. These systems were prepared
according to a simple two-step procedure in which para-substituted
benzaldehydes are used to form the central pyridine ring of the
ligand.® Analogous unbridged systems 5 were prepared by the
classical Chichibabin reaction” and served to assess the importance
of conformation on the 4’-phenyl substituent. Ruthenium(II)
complexes of 4 and 5 were prepared in a straightforward manner.

The NMR spectra of Ru(4),* and Ru(5),?* are characteristic
of a meridional orientation of the ligands and were readily in-
terpreted in the manner described earlier,’ and the data are
summarized in Table I. Noteworthy is the fact that within both
series of complexes, involving 4 or 5, the proton resonances for
H,-H; are almost invariant, indicating that the electronic envi-
ronment of the distal pyridine rings is insensitive to changes in
the substituent R. The incorporation of a 5,3’-dimethylene bridge
causes H, to shift downfield about 0.3 ppm. On the other hand,
the proton chemical shifts of the 4’-phenyl substituent are quite
sensitive to the nature of R, as evidenced by the differences for
H, and H,, between Ru(4d),?* and Ru(de),>*.

The electronic spectra of the ruthenium complexes were ob-
tained as 5 X 1075 M solutions in CH;CN. The long-wavelength
(MLCT) absorption bands for the complexes of 4b—e are depicted
in Figure 3. The complexes of 4b,c,e all absorb at the same
wavelength, while the dimethylamino complex 4d absorbs at about
5 nm longer wavelength. More sensitive to the electronic nature
of R is the intensity of the absorption band. We observe the most
intense peak for the system where R is most electron withdrawing
(R = NO,) and the weakest band where R is most electron
donating (R = NMe,). The other two complexes involving 4b
and 4c are intermediate in the expected order.

(10) Berger, R. M.; McMillan, D. R. Inorg. Chem. 1988, 27, 4245,
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Figure 3. Electronic absorption spectra of bridged bis(para-substituted-
4’-phenylterpyridyl)ruthenium(II) complexes (5 X 10~ M in CH;CN).
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Figure 4. Electronic absorption spectra of bridged vs unbridged bis(4’-
p-tolylterpyridyl)ruthenium(II) complexes (5 X 10~ M in CH,CN).

Upon examination of a molecular model of these systems, we
reasoned that the phenyl proton ortho to the terpyridyl unit would
interact with the bridge methylene unit to force the 4’-phenyl ring
to become nearly orthogonal to the chelating moiety. Thus, we
prepared the series Ru(5),2*, where the steric inhibition to res-
onance between the phenyl and terpyridine moieties should be
diminished. The electronic spectrum for Ru(5b),?* is repre-
sentative of the series and is shown in Figure 4 along with that
of the corresponding bridged complex. We observe a more intense,
lower energy absorption for the unbridged system, indicating better
resonance interaction between the 4’-phenyl ring and the central
pyridine ring. Although the difference in absorption maxima is
only 9 nm, the envelope for the Ru(5b),?* absorption is appreciably
larger. This observation is in accord with the greater mobility
of the 4-phenyl ring leading to the accessibility of more vibrational
levels for the MLCT state.

Table II presents the half-wave redox potentials for the ru-
thenium complexes of 4 and 5. All the waves were quasi-reversible
in DMSO. Oxidation of the dimethylamino group and reduction
of the nitro group interfered with measurement of the corre-
sponding potentials for these systems. Once again, clear and
significant differences due to substituent effects are observed, but
their actual magnitude is relatively small.

For the bridged systems, Ru(d4),2*, the oxidation and reduction
potentials each span a range of only 20-40 mV. The ordering
for the complexes of 4b,c,e is not quite as expected, but the
differences are never more than 20 mV. The extreme cases are
clearly consistent: Ru(4a),>* shows the most negative reduction
potentials, while Ru(4d),?* shows the most positive oxidation.

For the unbridged systems, the substituent effects are more
clearly evident. All these systems reduce with more ease than



Inorg. Chem. 1989, 28, 3267-3269 3267

Table II. Half-Wave Potentials for Ruthenium(II) Complexes®

complex R oxidn redn

Ru(4a),** H +1.27 (140) -1.21 (90) -1.46 (100)
Ru(db),* CH, +1.26 (135) -1.22(85)  ~-1.46 (90)
Ru(de)?* Cl +1.26 (145) -1.23 (110) ~-1.48 (115)
Ru(4d)?* NMe, & -1.25(75)  -1.49 (85)
Ru(de);?* NO,  +1.28 (140) —-0.90 (185)°

Ru(5a),?* H +1.26 (170) -1.15(75)  —1.37 (80)
Ru(5h),** CH; +1.24 (165) -1.18 (160) —1.42 (165)
Ru(5¢)2* Cl +1.29 (150) ~-1.12 (110)  ~1.34 (120)

¢ Potentials are given in volts vs SCE for 0.002 M DMSO solutions,
0.1 M in TBAP, recorded at 25 £ 1 °C. The difference between
cathodic and anodic peak potentials (mV) is given in parentheses.
bOxidation of the NMe, group interferes with this process. °This value
represents reduction of the NO, group, which obscured reduction of
the metal center.

their bridged analogues and in the expected order Ru(5¢),?* >
Ru(5a);** > Ru(5b),2* for both the first- and second-reduction
couples. This same ordering is found for oxidation, where the
influence of bridging appears to be less pronounced.

The results outlined above are consistent with our premise that
the MLCT state for terpyridine complexes of Ru(II) has separate
components associated with the central and distal pyridine rings
of the ligand. As we change the electron-withdrawing ability of
the para substituent on a 4’-phenyl ring, the energy of absorption
is affected only to a small degree, while the effectiveness (intensity)
of MLCT varies by a factor of about 1.5 between the extremes
of 4d and de. As resonance interaction of the 4’-phenyl ring is
improved by elimination of the 3,3":5/,3”-bridges, absorption energy
again remains relatively invariant, but the absorption envelope
widens slightly toward longer wavelength.

Although the introduction of 4- and 4’’-substituents onto ter-
pyridine is synthetically more challenging, we are working along
these lines to examine the influence of substituents on the distal
rings of these complexes.
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Many copper(II) halide compounds occur as pseudoplanar,
bibridged oligomeric species with formula Cu, X345, Cu,Xom L™,
or Cu,X,,L, (X = CI, Br; L = neutral ligand). Within the
oligomer the copper ions are four-coordinate and approximately
planar with adjacent Cu ions linked by two bridging ligands. The
Cu(II) ion frequently completes its coordintion sphere by forming
longer, axial (semicoordinate) bonds to halide ions in neighboring,
coplanar oligomers, thus forming stacks. Semicoordinate bond
formation between oligomers requires a relative displacement of
neighboring oligomers that varies periodically along the stack. The
surprising variety of stacking patterns was recently tabulated by
Geiser and co-workers.! The purpose of this note is to update
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Figure 1. Envelope stacking pattern diagrams (cf. Table I).

this table of known stacking patterns and to report the structure
of an ACu,Cls(H,0) compound exhibiting an unusual stacking
pattern.

Stacking Pattern Notation

Symbols for the various stacking patterns are devised by using
the following procedure.! (1) The oligomer is idealized as a planar,
rectangular envelope with the ligands located on the perimeter,
the copper ions located in the interior, all copper-ligand distances
equal, and all ligand-Cu-ligand angles either 90 or 180°. (2)
The envelopes are stacked with displacements of neighboring
envelopes mimicking observed oligomer displacements. (3) A
stacking symbol of the form n(m,, m, ¢) is constructed with the
terms defined as follows: n, the number of copper ions in the
oligomer; md and m, d, the translational displacement of the
envelope taken parallel and perpendicular to the Cu—Cu axis (4
= ligand-ligand distance along an edge); and ¢, rotation of the
envelope about the normal to the envelope plane. As many
parenthetic symbols are concatenated as are necessary to describe
the repeat unit of the stack.

‘It is necessary to add the following rules: (3a) myd and m_d
are the displacements necessary to move the central point of one
oligomer atop the central point of its neighbor; (4) the rotation
axis is always taken through the central point; and (5) if an
oligomer belongs to more than one stack, then the full symbol
consists of a concatenation of the individual symbols (enclosed
in brackets) for each possible stack preceded by »n. Rule 3a
guarantees that mixed oligomer stacking patterns will be unique,
except for a uniform change of sign in n or m, (the value of
n that most closely precedes the parenthetic symbol denotes the

(1) Geiser, U.; Willett, R. D.; Lindbeck, M.; Emerson, K. J. Am. Chem.
Soc. 1986, 108, 1173.
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