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A Series of Multicolor Electrochromic Ruthenium(ll) Trisbipyridine Complexes: Synthesis
and Electrochemistry
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A series of 5,5disubstituted 2,2bipyridines and their corresponding tris complexes with ruthenium(ll) have
been synthesized. The substituents used (ketone, ester, nitrile, imide, and two amides) are all electron
withdrawing in nature and, with one exception, contain a carbonyl group in the positiorthe bipyridine

ring. The reduction potentials of the free ligands and ruthenium complexes have been determined by cyclic
voltammetry and are correlated with the Hammettonstants of the substituents. Finally, the electron-
withdrawing nature of these substituents shifts the reduction potentials of each complex sufficiently positive
that up to six stable ligand-based reductions are observable. In these reduced oxidation states, all of the
complexes display multicolor electrochromism.

Introduction vacuum. Due to the reactive nature of the acid chloride, no
further purification was attempted and the acid chloride was
used for the next step immediately after drying.

Synthesis of 5,5Bis(ethoxycarbonyl)-2,2-bipyridine: L ,.

Trisbipyridineruthenium(ll) complexes possess very rich
photochemical and electrochemical properties which have been
exploited in both applied and fundamental way3.In one oY . .
particular instancéthe complex [Ru(k)s]?*, where L is 5,5- This Ilganql was pre_pargd as pr_ewously d_esc_rr!_j’ed.
bis(ethoxycarbonyl)-2!ipyridine, displays distinctly different Synthesis of 5,5Bis(diethylamido)-2,2-bipyridine: L 2. A
absorption spectra for each accessible oxidation state (formallrge excessX20 equiv) of diethylamine was combined with
states+2 through—4). The specific spectral changes resultin  ©COCIBp in a refluxing mixture (1:1 V/V) of acetonitrile and
a vivid multicolor electrochromism which could potentially find ~ dichloromethane for 12 h under nitrogen. After rotary evapora-

applications in display devices. Interestingly, while the complex tion of the solvent, the product was redissolved in dichlo-
having analogous ester substitution in the 4- ahgositions romethane, washed with a solution of sodium carbonate in water,

exhibits similar electrochemistry, it lacks the pleasing electro- @nd separated from impurities by liquid chromatography (silica
chromismé® Also, electron-donating substituents (in either the 9€l; 1:1 ethyl acetate/dichloromethane). The yield was nearly
5- or 4-position of substitution) do not produce multicolor duantitative. MS:m/z = 354.3 (parent molecule}H NMR ¢
electrochromism; moreover, they decrease the number ofN PPM from TMS, CDCY (multiplicity, integration): 1.1(bs,
reduced oxidation states accessible within the typical electro- 3H): 1.3(bs, 3H); 3.3(bs, 2H); 3.6(bs, 2H); 7.9(d, 1H); 8.5(d,
chemical solvent window This study focuses on the effect that 1H); 8-7(51 1H). . ) .

several electron-withdrawing functional groups located in the  Synthesis of 5,5Di(N-methyl-N-phenylamido)-2,2-bipy-

5- and 3-positions of the bipyridine have on the electrochemistry Tidine: L 5. The same reaction conditions as fos, keplacing

of the ligands and on the electrochromic properties of their tris diethylamine witiN-methylaniline, were used. The producs, L
complexes with ruthenium. Furthermore, the relationship be- Was separated from polar impurities by liquid chromatography
tween the redox potentials of the ligand and the Hammet (silica gel, ethyl acetate) and recrystallized from ethyl acetate.

constant for the substituents is considered. The yield was nearly quantitative. MSnz = 422.2 (parent
molecule).XH NMR ¢ in ppm from TMS, CDC4 (multiplicity,
Experimental Section integration): 3.5(s, 3H); 7.1(m, 2H); 7.3(m, 3H); 7.7(d, 1H);

8.1(d, 1H); 8.5(s, 1H).

Synthesis of 5,5Dicyano-2,2-bipyridine: L 4. In a typical
preparation, 200 mg of 5COCIBp was dissolved in 200 mL of
warm dichloromethane. This solution was added dropwise over
a period of 30 min to a vigorously stirred aqueous solution (300
mL) of ammonium hydroxide (approximately 0.5 M). Upon the
addition, the primary amide formed precipitates. After the
addition was completed, the white precipitate was filtered,
. g washed with water, and dried overnight under vacuum. This
mixture became translucent. Afte.r an addltlpnal hour c.)f reflux amide was then ground into a fine powder and allowed to react
ensuring completion of the' reaction, the thionyl chlor[de Was \ith a large excess of refluxing thionyl chloride, which acts as
removed by rotary evaporations and the product was dried undera dehydrating agefitunder nitrogen for 24 h. After rotary

- evaporation of the thionyl chloride, the product was purified

* Corresponding Author.

* Present address: National Renewable Energy Laboratory, 1617 Cole DY liquid chromatography (silica gel, ethyl acetate). The yield
Blvd., Golden, CO 80401. was typically less than 40%. MSm/z = 206.1 (parent

Generalities about the Syntheses of Ligands and Com-
plexes.All the ligands prepared were 2;Bipyridines substituted
in the 5- and 5positions with electron-withdrawing functions.
The first step in each synthesis involved the transformation of
the 5,3-dicarboxylicacid (5COOHBp) into the corresponding
diacid chloride (5COCIBp). In a typical preparation;2 g of
5COOHBp was combined with a large excess of thionyl chloride
(100 to 200 mL) and allowed to reflux under nitrogen until the
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Figure 1. Structures of the substituted 2J#ipyridines used in this study.

molecule).tH NMR 6 in ppm from TMS, CDC} (multiplicity,
intregation): 8.1(d, 1H); 8.6(d,1H); 9.0(s, 1H).
Synthesis of 5,5Di(1-ketobutyl)-2,2-bipyridine: L s. This

this precipitate, the desired complex was isolated by liquid
chromatography (silica gel, 1:1 acetonitrile/aqueous 0.02 M
KNOs). After rotary evaporation of the acetonitrile, the complex

compound was synthesized via an adapted literature preparawas reprecipitated as the hexafluorophosphate salt, filtered,

tion.” Typically, 0.5 g of 5COCIBp was added to 3 equiv of
(n-Bu),CulLi in THF at—78 °C under argon. After an hour at

washed with water, and dried under vacuum. The ruthenium
source was Ru@i3H,O. The reaction mixture was heated to

this temperature, the solution was slowly warmed to room 160 °C in a sealed Pyrex tube for 18 h.

temperature and subsequently quenched with water. After rotary Synthesis of [Ru(Ls)s](PFe)2. The solvent used for this
evaporation of the THF, the product was extracted with ethyl synthesis was DMF, as ethylene glycol yielded a mixture of
acetate and separated from impurities by liquid chromatography products, presumably due to the formation of ketals and
(silica gel, ethyl acetate). The ketone was further purified by hemiketals on the bipyridine substituents.

recrystallization from ethyl acetate. Overall yietd15%. MS:
m/z = 325.41 (protonated parent moleculd).NMR 6 in ppm
from TMS, CDCk (multiplicity, integration): 1.0(t, 3H); 1.4-
(m, 2H); 1.8(m, 2H); 3.0(t, 2H); 8.3(d, 1H); 8.6(d, 1H); 9.2(s,
1H).

Synthesis of 5,5Di((N-(ethan-1-one)N-butylimide)-2,2'-
bipyridine: L 6. In a typical preparation, 200 mg of 5COCIBp
was dissolved in 200 mL of warm dichloromethane. This
solution was added dropwise to a large excesslofitylamine
dissolved in water (200 mL 0.5 M). The primary amide formed
immediately precipitated. This white precipitate was filtered,

[Ru(Ly)s](PFg)2. *H NMR & in ppm from TMS, CDC}
(multiplicity, integration): 1.0(bs, 3H); 1.2(bs, 3H); 3.8(bs, 2H);
4.1(bs, 2H); 7.6 (s, 1H); 8.1(d, 1H); 8.6(d, 1H). YVisible
(wavelength (nm)glemicr): 224 (2.3); 256 (2.8); 305 (5.7);
440 (0.8); 470 (1).

[Ru(Ls)s](PFg)2. *H NMR 6 in ppm from TMS, CDC}
(multiplicity, integration): 3.3(s, 3H); 7.0(m, 2H); 7.2(m, 3H);
7.5(s, 1H); 7.8(d, 1H); 8.2(d, 1H). UWisible (wavelength
(nm), e/lemict): 210 (8.3); 306 (7.1); 447 (0.7); 480 (1).

[Ru(Ly)3](PFg)2. TH NMR 6 in ppm from TMS, CDC}
(multiplicity, integration): 8.0(s, 1H); 8.2(d, 1H); 8.8(1H). UV

washed with water, and dried overnight under vacuum. After it visible (wavelength (nm)k/emict): 256 (5.2); 298 (10.4); 460
was ground into a fine powder, this amide was allowed to react (0.8); 502 (1).

with a large excess of refluxing acetyl chloride under nitrogen.

After solvent rotary evaporation, the final product was purified
by liquid chromatography (silica gel, 1:1 ethyl acetate/dichlo-
romethane) and recrystallized from cyclohexane. Yiel6i0%.
MS: m/z = 439.33 (protonated parent molecul&éil NMR &
in ppm from TMS, CDC{ (multiplicity, integration): 0.7(t, 3H);
1.2(m, 2H); 1.5(m, 2H); 2.2(s, 3H); 3.7(t, 2H); 8.0(d, 1H); 8.4-
(d, 1H); 8.7(s, 1H).

The structures of the previously synthesized ligang énd
of the newly synthesized ligandsALL3, L4, Ls, and Lg) are
presented in Figure 1.

Synthesis of [Ru(L1)s](PFe)z, [Ru(L 2)s](PFe)2, [RU(L3)3]-
(PFe)2, and [Ru(L4)3](PFe)2. These complexes were all syn-

[Ru(Ls)3](PFe)2. IH NMR 6 in ppm from TMS, CDC}
(multiplicity, integration): 1.1(t, 3H); 1.5(m, 2H); 1.9(m, 2H);
2.9(t, 2H); 3.6(bm, 6H); 7.9(s, 1H); 8.2(d, 1H); 8.7(d, 1H). YV
visible (wavelength (nm)s/emLct): 226 (3.4); 268 (3.6); 310
(9); 465 (0.8); 502 (1).

Attempted Synthesis of [Ru(Ls)3](PFe)2. Attempts at syn-
thesizing this complex under a variety of conditions were
unsuccessful.

Electrochemistry of the Free Ligands and Corresponding
Ruthenium Complexes.Tetran-butylammonium hexafluoro-
phosphate (TBAP§ was prepared by metathesis of tetra-
butylammonium iodide with ammonium hexafluorophosphate
and was recrystallized three times from ethanol. “Distilled in

thesized in the same way. Between 30 and 70 mg of Ru- glass” acetonitrile was purchased from Burdick and Jackson and

(DMSO)Cl, was added to 24 mL of ethylene glycol in a 25
mL round-bottom flask and quickly brought to reflux until the

was used without further purification.
All electrochemical experiments were carried out with a

solution became orange. The solution was then immediately EG&G PAR model 173 potentiostat/galvanostat in conjunction

cooled to 120°C, whereupon 3.3 equiv of ligand {LL, Ls,
or Ls) were added. After completion of the reaction (as

with a EG&G PAR model 175 programmer. Cyclic voltammo-
grams were recorded on a Yokogama 3023Y recorder.

determined by TLC), the solution was cooled to room temper- Cyclic voltammetry was performed under nitrogen in a two-

ature and diluted with 1815 mL of water. Upon addition of
1-2 mL of saturated aqueous NPF; the final product

compartment cell usgna 2 mmdiameter platinum disk as the
working electrode, a coiled platinum wire as the counter

precipitates as the hexafluorophosphate salt. After filtration of electrode, and an SSCE as the reference electrode. Bulk
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Figure 3. Cyclic voltammogram of Ru($)s(PFs)2, taken in 0.1 M
TBAPFs/acetonitrile; platinum working electrode; scan rat&0 mV/
electrolysis experiments employed a three-compartment cell, S-

using a 1 cn? platinum grid in the middle compartment as the
working electrode and a platinum grid (2 &ncounter electrode
and an SSCE reference electrode in each of the other two

Figure 2. Cyclic voltammogram of &, taken in 0.1 M TBAPH
acetonitrile; platinum working electrode; scan ratc0 mV/s.

TABLE 1: Electrochemical Data and Hammett Constant
Values for a Selection of Substituted 2,2Bypyridines

com ; ; _ EvLOY) Eia(L7Y72)

partments. The bulk electrolysis experiments were per ligand VVSSSCE Vs SSCE  grd oo a
formed to determine chromophoric properties of the complexes ad pe
in each oxidation state {2 1+, 0, 1-, 2-, etc.). Obtaining each é’g:BR}I’pr :g'%g _8'0070 _00'1%0
ligand-based reduction state in a completely pure form is || —1.28 —1.67 0.37 0.45
impossible due to the proximity in potential of adjacent redox L: -1.81 0.35 0.36
processes for these complexes (the differencEijnbetween Ls -171

successive reductions is less than 150 mV for each complex of Lg :i:gg 162 8:22 8:28
this series, thus significant disproportionation occurs; cf. the |, -1.27

cyclic voltammogram in Figure 3). The predominance of a redox
species £80%) is, however, obtained by applying a potential - N )
midway between consecutive formal potentials. Consequently, (e para position or the meta position) with tkig of unsub-
applying these potentials to vigorously stirred solutions of each Stituted benzoic acifl Many substituents have been assigned
complex allowed for rapid and optimized generation of the max- WO parameter$imea and opara Which are defined byimeta =

imum relative amounts of each formal oxidation state species. 109(KxmewKo) @ndopara= 10g(KxpardKo), whereKxmeiaandKxpara

The visual observation of the colored solutions was performed @re the acid dissociation constants of the meta-substituted and

after the solutions had reached thermodynamic equilibrium Para-substituted benzoic acid, respectively, agis the
(electrochemical currents less than 1% of the initial current). dissociation constant of unsubstituted benzoic acid. Electron-

withdrawing substituents increase the dissociation constant and
thus have positiveo values, while electron-donating ones
decrease the dissociation constant and have negatratues.

For these bipyridine ligands and complexes, in the electro-
chemical context, the distinction between para and meta
positions is not as significant as it is in the case of benzoic acid

aTaken from ref 21.

Results and Discussion

Preparation of the Complexes.The synthesis and charac-
terization of the ligands was straightforward. Ry, Ru(Ly)s,
Ru(Ls)s, Ru(Ly)s, and Ru(ls)s also were prepared and isolated
in pure form as their PF salts. The lack of success in preparing

Ru(Le)s is, in retrospect, not surprising. Noncyclic imides are
notoriously reactive, particularly to nucleophilic attack at the
nitrogen. Under conditions that are required to initiate ligand
exchange at the inert Ru(ll) centers likely degrades.
Electrochemistry of the Free Ligands and Corresponding
Ruthenium Complexes.The Ey»(L% 1) values obtained from

dissociation. Even with the substituents in the 5- and 5
positions, the reaction of interest (injection of an electron in
the r* orbital of the bipyridine) is not localized at a specific
site of the ring system, as it is in the benzoic acid ionization
case. In an attempt at drawing a linear correlation between
E12(L%7) ando, a slightly better regression was obtained when

cyclic voltammetry experiments were used to assess the electronusingoy (r? = 0.901) as compared ta, (r> = 0.845) (see Figure

withdrawing strength of each substituent on the bipyridine.
Under the conditions used (acetonitrile, 0.1 M TBAPF
platinum working electrode; scan rate of 50 mV/s), the series

4). However, in both cases, the fits are fairly poor and it is
more appropriate to look at the trends in a qualitative way.
Considering theo values for the amide substituents, it is

of compounds displayed good chemical reversibility. The cyclic surprising that they are much harder to reduce than the ester
voltammograms of tand Ru(ls)s(PFs); are displayed in Figures  analogue [E1/2(L2%) = —1.81 V vsEy»(L%17) = —1.28 V].

2 and 3, respectively. The cyclic voltammograms of the other The difference between the diethylamide and the methylphe-
compounds of this study are included as Supporting Information nylamide was expected and can be explained as follows. The
(except for Ru(ly)z which has been reported previouS)y In sw-system of the phenyl ring provides some additional delocal-
the case of Land Ls, the second one-electron reduction of the ization pathway for the amide nitrogen lone pair i This, in
bipyridine was observed, whereas it was not observed within turn, leaves the amide carbonyl with more electron-withdrawing
the solvent window for the other ligands. The reduction strength toward the pyridine ring, thus making it easier to reduce.
potentials are reported in Table 1. Also presented in this table The same effect can be observed with the imide-substituted
are the Hammett constant values for these substitdente bipyridine (Ls), where the additional carbonyl function bound
electronic influence of a substituent X can be estimated by to the nitrogen makes the carbonyko the pyridine ring even
comparing theK, of substituted benzoic acid (with X either in  more electron withdrawing. This imide ligand is, within



6266 J. Phys. Chem. A, Vol. 103, No. 31, 1999 Pichot et al.

-1

B Sigma meta.
------ Regression, sigma meta. w
O Sigma para. |0 A0 3
Ly — Regression, sigma para. R O 173
? : 2
3 2
2 2
§2} =
S £
= 3
< &
= ‘o
< 3
S 4
= 27 =<
[ =
i w
w
-2 4
T T T T T o
04 -0.2 0.0 0.2 0.4 0.6 08 E1/2(L ")/ Volts vs SSCE

Hammett sigma constants Figure 5. Correlation between the first reduction potential of selected
free ligands with the first ligand-based reduction potential of the

Figure 4. Correlation between the first reduction potential of the free corresponding ruthenium tris complex. The ligands included are 5,5
ligands and the Hammeit constants. Regression coefficientsneta - o B hinurid PR ’
12 = 0.845; Gpara 12 = 0.901. dimethyl-2,2-bipyridine, 2,2-bipyridine, L, L, Ls, L4, and Ls.

TABLE 2: Electrochemical Data for a Series of Ruthenium = 0.947, slope= 0.69). This correlation is greatly improved
Trisbipyridine Complexes (r2 = 0.989, slope= 0.76) if the data point of the nitrile-
Eva(LOY) EvRUZHT(L)4] |A(E19)| substituted ligand (1) is not taken into account. The reduction
ligand V vs SSCE V vs SSCE \Y; potentials of the complexes are more positive than those of their
2,2-Bpy —210 —1.27 0.83 respective free ligands. This indicates that, in each complex,
5,5-DMBpy —2.29 -1.41 0.88 the reduced radical anion is a better ligand and thus bound more
L1 —1.28 —0.66 0.62 tightly than its neutral counterpait The larger the difference
I[é _i-% _8-33 8-32 between the Ru(L¥* and L%~ reduction potential, the larger
La ~130 _o.81 0.49 is the binding energy preference of Ru(ll) for{Lover L. The
L5 ~1.39 ~0.70 0.69 slope of the line in Figure 4 is less than unity, and this fact

provides some subtle insight into the mode of binding in these
experimental error, as easy to reduce as the ester analogue, angobmplexes. The main contribution comes frordonation from
its corresponding ruthenium complex, had it been successfully the bipyridines’ nitrogen lone pairs, but also involved is the
prepared, would have been interesting to characterize. The fact;-pack-bonding provided by the-antibonding orbital of the
that the imide ligand is easier to reduce than the ketone probablyjigands. The fact that the difference betweap{Ru(L)s?"*"]

originates from the fact that the alkyl substitughtto the andE;[L%17] decreases aBy/J[L %*"] becomes more positive
pyridine ring (in Ls) is o-donating, whereas ing.the “amide” tends to prove that the injection of an electron in the bound
group to the pyridine ring iss-accepting. ligand decreases itsr-back-bonding ability more than it

In view of theo values of cyano groups, the nitrile-substituted improves its o-donating ability2 This trend is even more
bipyridine (Ls) is surprisingly “hard” to reduce. The cyano group  5ccentuated in the case of the cyano-substituted bipyridide (L

is a very 151”0”90 acceptor and somewhat of a weaker  Aq can be seen in Table AEys for Ly (i.e., the difference
acceptoi®11These observations in conjunction with the better between Ey {Ru(Ls)2"*] and EyJL2%]) is smaller than

;egressmnh usmlgrpa&tengo}lci d_emonstraée Ithatl_the_ domf;nant expected from the linear trend defined by the other entries in
actor on the value oy ( ) is more a delocalization effect the table. This is consistent with the fact that the cyano group

than an inductive one. is much more of as-acceptor than ar-acceptor. The added

As for the free ligands, the redox potentials of the ligand- . R, . ) ”
' : 1t electron in the bipyridine does not improve thelonating ability
based reductions of the ruthenium comple28[Ru(L)s*], of this ligand as much as it does for the other bipyridines

were determined by cyclic voltammetry. These values, as well considered, as a result of the strong attractive inductive effect

as theEy, values of the free ligands reduction, are listed in of the cvano aroun which lowers. to some extent. the electron
Table 2. Ru(b)s, Ru(La)s, Ru(La)s, Ru(L)sand Ru(le)a display o y hg up ' '
reversible electrochemistry, with only the first set of three one- ensity on the rlng. _
electron reductions being accessible for Riland Ru(ls)s Electrochromic Behavior of Ru(L1)s, Ru(L 2)3, Ru(L3)s, Ru-
because of the potential window of acetonitrile. The six ligand- (L4)3; and Ru(Ls)s. The next goal of this study was to evaluate
based one-electron reductions (two sets of three) are observabléhe effect that different substitution in the 5- arfd-Bositions
for Ru(L1)s, Ru(Ls)s, and Ru(lg)s. Noticeably, there is a small ~ Of the bipyridine had on the electrochromic properties of the
potential separation between the two sets of three waves forcorresponding ruthenium complexes. Bulk electrolysis was, thus,
Ru(Ls)s. Most probably, this is caused by the small potential performed on each of the compounds. By applying potentials
separation between the two reductions of the free ketone ligandwhich maximized the concentration of each single redox species
(i.e., 230 mV for Ls compared to 390 mV for {). and letting the solution reach equilibrium, one can visually
As with the free ligands, attempts at drawing a linear observe the color of the species in solution. As displayed in
correlation betweeB;,[Ru(L)3:?"**] and the Hammett constants  Table 3, all complexes synthesized displayed some pleasant
of the substituents on the bipyridines yielded poor resufts=( electrochromism. The color ranges of the new complexes,
0.851). However, as can be seen in Figure 5, there is a goodhowever, are not as wide as that for Ryg.and the colors are
linear correlation betwee;[Ru(L)s?*/1*] and Ey»(L%") (r2 not as sharply definetf The 2- and 3- oxidation states of
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TABLE 3: Visual Observation of the Electrochromic synthesized display some multicolor electrochromism, but none
Behavior of Selected Ruthenium Complexes were superior in this regard to the previously studied complex
formal Ru(Ly)s.
Ruls
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