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Abstract 

Tetraammineruthenium(I1) complexes with the nitrogen aromatic heterocydic bridging ligand 3,6-bis(2- 
pyridyl)l,2,4,5tetrazine (bptz) have been prepared and characterized. The [{(NH,),Ru}(bptz)]Z+ ion 
exhibits intense electronic MLCT transitions at 560(sh) and 479 nm, and for the [{(NH&Ru}z(bptz)]*’ 
ion MLCT transitions occur at 850(sh), 603 and 370 nm. Reversible metal oxidations for the bimetallic 
complex are at + 1.56 and +0.72 V versus SCE and dE(2-1) =840 mV indicates a large degree of 
ruthenium-ruthenium communication occurs through the bptz bridging ligand. The energies of the 
MLCT transitions and electrochemical potentials are compared with those for the analogous bis- 
bipyridyl ruthenium bptz complexes to assess the effect of NH3 u versus bpy r non-bridging ligands. 
In these complexes, as well as others, the results show the ruthenium centers coordinated with NH, 
are comparatively r electron rich when compared with the analogous bpy complexes. ‘H and “C NMR 
data are reported for the bptz ligand and mono and bimetallic complexes. 

Introduction 

There have recently been reported a number of 
mono and bimetallic transition metal complexes 
bound through the nitrogen aromatic heterocyclic 
ligand 3,6-bis(2-pyridyl)l,2,4,5_tetrazine (abbreviated 
either as bptz or dpt) with Mn, Re, MO, W and Ru 
[l-6]. Several other similar bridging ligands, such 
as 2,3-bis(2-pyridyl)pyrazine (dpp) [7-141, 2,3-bis(2- 
pyridyl)quinoxaline (dpq) [15-171, 2,2’-bipyrimidine 
(bpym) [l, 4, 8, Xl-231, benzo[1,2-b:3,4&‘:5,6b”]tri- 
pyrazine (hat) [17, 24, 251, have been used to form 
bidentate mono and bimetallic complexes with low 
spin d6 metals. Bpym, dpp and hat bridged complexes 
possess highly absorbing MLCT transitions in the 
V&near-W region of the spectrum, and 
metal-metal electronic interaction has been observed 
when the metals in polymetallic complexes are directly 
bound through the same ligand ring possessing good 
T delocalization (such as in pyrazine). Mono and 
bimetallic d6 complexes bound through this type of 
ligand have therefore been prepared and studied as 
models for photochemically induced excited state 
energy transfer reactions, photochemistry and pho- 
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tophysics of polymetallic complexes, and for solva- 
tochromic behavior. 

While several research groups prepare tris-biden- 
tate chelated metal complexes for reasons of stability 
and luminescence for use as bimolecular energy 
transfer complexes, our research group has been 
interested in the design and characterization of po- 
lymetallic Ru(I1) complexes bound with the NH3 
peripheral ligand. Ruthenium(II)ammine complexes 
retain many of the necessary requirements to function 
in intramolecular energy transfer processes, absorb 
more abundant near-IR radiation, and allow for 
greater metal-metal electronic communication than 
complexes with T withdrawing non-bridging ligands. 

We wish to report the synthesis and characteri- 
zation of new [{(NH,),Ru}(bPtz)](PF6), and 
[{(N&),Ru}z(bptz)](PF6), complexes, and compare 
electronic absorption and electrochemical results with 
the similar [{(bpy),Ru}z(bptz)](RB6)4 complex and 
other complexes. 

Experimental 

Materials 
Analytical reagent grade solvents and compounds 

were used for preparations and experiments described 
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in this work. The d,-acetone min. 99.9 at.% D was 
obtained from ISOTEC inc. Elemental analyses were 
performed by Atlantic Microlab Inc., Atlanta, GA. 

Instrumentation 
Electronic absorption spectra were recorded on 

a Varian DMS 300 spectrophotometer with matching 
quartz cells. Near-IR portions of the spectrum 
(800-1300 nm) were recorded on a Beckman model 
5240 scanning spectrophotometer. Cyclic voltam- 
mograms were recorded on a Bio Analytic Systems 
CV-1B cyclic voltammograph with a Princeton Ap- 
plied Research model 0074 X-Y recorder. Cyclic 
voltammograms were recorded in CH&N with 0.01 
M tetrabutylammonium perchlorate as the supporting 
electrolyte. The Pt working electrode (1.0 mm di- 
ameter) was cleaned and the solutions were thor- 
oughly deoxygenated prior to each scan. A Ag/AgCl 
(3 M KCl, nominally - 0.044 Vversus SCE) reference 
electrode was used and calibrated with a Fe(CN)64- 
(1.0 M H,SO,) solution at +0.69 V versus NHE 
[26]. All potentials are reported versus SCE, and 
are uncorrected for junction potentials. The poten- 
tials reported for redox couples, Em, are estimates 
obtained by averaging anodic and cathodic peak 
potentials. Emission experiments were conducted on 
a Hitachi model F-3210 fluorescence spectropho- 
tometer, fitted with an extended range detector 
sensitive to 800 nm. ‘H and 13C NMR spectra were 
recorded in d6-acetone on a Varian Gemini 200 IT- 
NMR. 

Syntheses 
The bptz ligand was prepared according to the 

literature without difficulty [27]. Anal. Calc. for 
C&I& (mol mass 236.24 g): C, 61.0; H, 3.4; N, 
35.6. Found: C 61.0: H, 3.4; N, 35.5%. 

A 0.221 g (0.34 mmol) sample of the previously 
prepared [(NH3)5Ru(H,0)](TFMS)3 (TFMS= 
CF,SO,-) complex [28], 0.416 g (1.76 mmol) of bptz, 
Zn/Hg amalgam and 0.100 dm3 of anhydrous ethanol, 
were combined in a round bottom flask fitted with 
a condenser (top closed with a septum and an Ar 
inlet needle). The solution was heated at reflux for 
1.5 h. After cooling to room temperature, the red 
solution was filtered to remove insoluble material, 
and the liquor loaded onto an alumina column that 
had been packed in ethanol. The column was washed 
with ethanol to remove unreacted ligand, followed 
by a NH,PF,/methanol solution (0.5 g/1.00x 10-l 
dm3) that moved a red band, followed by a blue 
band from the column. The red was collected, and 
rotary evaporated to dryness. The solid, which con- 

tained excess NH4PF6, was collected, washed with 
cold H20, and vacuum dried. Yield [{(NH,),Ru}- 
(bptz)](PF&.CH30H: 0.074 g (0.01 mmol) 30%, 
average yield is dependent upon amount of washing. 
Anal. Calc. for C13H24N1201R~PZF12 (mol mass 727.38 
g): C, 21.5; H, 3.3; N, 19.2. Found: C 21.4: H, 3.1; 
N, 18.9%. 

A 0.400 g (0.615 mmol) sample of [(NH3)5R~- 
(H20)](TFMS)3, 0.353 g (0.149 mmol) bptz, Zn/Hg 
amalgam and 0.100 dm3 of anhydrous ethanol were 
combined in a round bottom flask fitted with a 
condenser (top closed with a septum and an Ar inlet 
needle). The solution was heated at reflux for 3 h. 
After cooling to room temperature, the solid was 
collected by filtration, washed with ethanol to remove 
excess ligand and monometallic complex. The com- 
pound was dissolved in water, and precipitated upon 
addition of a saturated aqueous NaPF, solution. The 
solid was collected by filtration, washed with cold 
water then ethanol and vacuum dried. Yield 
[{(NH3)4Ru},(bptz)](PFe)4: 0.084 g (0.073 mmol) 
49%. Anal. Calc. for C12HmN,4R~2P4F24 (mol mass 
1154.5 g): C, 12.5; H, 2.8; N, 17.0. Found: C, 12.8; 
H, 2.7; N, 16.7%. 

Results 

The aqueous [{(NH3)4Ru}(bptz)]2+ ion exhibits 
intense transitions between 750-250 nm (Table 1, 
Fig. 1). The lowest energy aqueous transition is a 
shoulder at 560 nm on a more intense peak at 479 
nm. A higher energy peak occurs at 295 nm. The 
aqueous [{(NH3)4Ru}z(bptz)]4+ ion exhibits intense 
transitions between 900-250 nm (Table 1, Fig. 1). 
The lowest energy transition for the aqueous bi- 
metallic complex appears as a shoulder at 850 nm 
on the side of a more intense peak at 603 nm. Higher 
energy peaks are observed at 370 and 299 nm. The 
WW.dWdW~)l ‘+* 4f ions were found to be 
non-emissive in deoxygenated room temperature 
CH3CN. 

Cyclic voltammograms of [{(NH&JR&~- 
(bptz)]‘+* 4+ were recorded in CH,CN (Table 1). 
The monometallic complex exhibits one reversible 
redox wave associated with the Ru(II)/Ru(III) couple 
when scanned in a positive direction, while the 
bimetallic complex shows two well resolved waves 
for each Ru(II)/Ru(III) center (Fig. 2). The Em for 
MNWJW(Wz)1*+ at +1.27 V (all potentials 
reported versus SCE) is more positive than 
&(l)= +0.72 V for the bimetallic [{(NH3)4- 
Ru}z(bptz)14+ complex, while E&2), the redox cou- 
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TABLE 1. Aqueous electronic absorption and electrochemical data for some ruthenium(H) complexes 

Complex ion A,,, (nm) cx 1o-3 Assignment &z(2); E,,(l); &cd Reference 
(M-’ cm-‘) 

560(sh) 4.6 MLCT 
479 7.9 MLCT 
295 28 Tr+?r* 

850(sh) (6) MLCT 
603 19 MLCT 
370 7.4 MLCT 
299 36 rr+Qr* 

688 
683 
577 
463 
411 
291 

12 MLCT 
5 MLrIX 
3.5 MLCl-’ 
7.5 MLCT 

31 Tr+7r* 

550(sh) 3.1 MLCT 
492 6.4 MLCT 
380 4.5 ML- 
330 34 W-r??+ 

582 
430 
380(sh) 
350 

19 
6.7 

35 

4.5 
4.8 
5.0 

17 

19 
9.8 

25 

2.0 
8.4 

4.0 
18 

MLCT 
MLCT 
MLCT 
Tr+7r* 

545 
454 
368 
307 

558 
368 
318 

MLCT 
MLCT 
MLCT 
rr+Tr* 

MLCI- 
MLCl- 
Tr+Tr* 

567 
402 

697 
424 

MLCT 
MLCT 

MLCT 
MLCT 

+ 1.27; - 0.76 this work 

+ 1.56; +0.72; - 0.70; - 1.49 this work 

+2.02; + 1.52; -0.03; -lZ(irr) 

+0.97 29 

+ 1.31; +O.Sl 29 

1 
2, 5 

9 

9 

18 

18 

ABS 

1.6 

250 380 510 640 no SOOnm 

Fig. 1. Aqueous electronic absorption spectra for 
W%~W@P~)I*’ (4 and WJW.dW2(bp~)l” 0~). 

ple of the second Ru in the bimetallic complex, 
occurs at + 1.56 V. The most positive bptz reduction 
potentials are reversible and occur at -0.70 and 
-0.76 V, respectively, for the bimetallic and mono- 
metallic complexes. The bimetallic complex also has 
a second reversible reduction at - 1.49 V, followed 
by an irreversible wave at -1.55 V. 

Titration of [{(NH&Ru}2(bptz)]4+ (c. 5 X 10e5 M) 
with additions of up to one equivalent Ce(IV) pro- 
duced a decrease in absorbance of the long wave- 
length shoulder, 603 and 370 nm peaks, with the 
appearance of a 495 nm absorption (Fig. 3(a)). 
Throughout Ce(IV) additions up to one equivalent 
to form the Ru(II):Ru(III) species no absorptions 
were observed in the 700-1300 nm region, while 
isosbestic points were established at 545 and 365 
nm. Addition of up to the second equivalent of 
Ce(IV) to produce the R~(III):Ru(III) species re- 



76 

2.0 v 1.5 1.0 0.5 0.0 0.5 -1.0 v 

VvsSCE 

Fig. 2. Cyclic voltammograph of [{(NH,),Ru},(bptz)14+ in CH,CN 0.01 M TRAP at Pt working electrode vs. SCE. 

ABS ABS ABS 

Fig. 3. Plots of Ce(IV) additions to a solution of [{(NHj),4Ru}r(bptz)]‘+. (a) Th e initial spectrum and 25%, SO%, 75% 
and 100% of one equivalence of Ce(IV) added. (b) Followed by 25%, 50%, 75% and 100% of a second equivalence of 
Ce(IV) added. (c) Excess Ce(IV) added after the first and second equivalence. 

sulted a slight decrease in the 495 nm peak, and 
formation of a different set of isosbestic points (Fig. 
3(b)). Excess Ce(IV) additions past two equivalents 
resulted in the gradual decrease of absorption in- 
tensity near 495 nm, and absorption shift to higher 
energy (Fig. 3(c)). Following oxidation of the bi- 
metallic complex to either Ru(II):Ru(III) or 
Ru(III):Ru(III), additions of Sn(I1) (followed by 
filtration) or Zn/Hg regenerated the original ab- 
sorption spectrum of the Ru(II):Ru(II) bimetallic 
complex. Additions of Sn(I1) to solutions in which 
more than two equivalents of Ce(IV) had been added 
failed to regenerate the original bimetallic 
Ru(II):Ru(II) spectrum. 

The ‘H and 13C NMR spectra of bptz (Fig. 4), 
[{(NH&Ru](bptz)l *+ and [{(NH3)4Ru]2(bptz)14+ 
were recorded in dd-acetone for maximum solubility, 
and results are reported in Table 2. The uncoor- 
dinated bptz ligand gives four sets (two doublets, 

one triplet and a doublet of doublets) of ‘H and 
four “C NMR signals. The symmetric bimetallic 
complex also gives the same pattern of four sets of 
‘H and four 13C resonances. The ‘H NMR spectrum 
for unsymmetric monometallic complex gives four 
distinct sets of doublets, two distinct sets of triplets 
and an overlapping set of triplets. The 13C NMR 
spectrum of the monometallic complex has eight 
resonances due to the non-equivalent quaternary 
carbons. 

Discussion 

The Vis-W spectrum for [{(NH3),Ru}(bptz)12+ is 
similar to spectra previously reported for 
[{(NH3)3.4R~}(LL)]2+ (where LL = dpp, bpym and 
the tridentate ligand tpd) [9, 18, 29, 301. Due to 
the intensity and position of the lowest energy ab- 
sorptions, they are assigned as Ru drr+ bptz prr* 
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SPIN SIMULATION 

J6,3=1.1 Hz 

J 6,4 = 1.9 Hz 

J 6,5 = 4.8 Hz 

J 5,4 = 7.8 Hz 

J5,3=1.1 Hz 

J 4,3 = 7.8 Hz 

!  ” I ” I “1 I ” 1’ I “. 

300 250 200 150 100 50 HZ 

Fig. 4. Proton NMR of the uncoordinated bptz ligand (bottom) and simulated NMR (top) with coupling constants. 

TABLE 2. ‘H and ‘%Y NMR signals of bptz, [{(NH,),Ru}(bptz)]r+ and [{(NH,),Ru]r(bptz)]4+ complexes 

5$$+@5 

Complex 
ion 

WC) (ppm)” WH) (ppm) Jas Jw J4.3 JW JS.3 J6.3 

G Cs C4 C3 I% 6 b H3 

C6’ Cs. C,. C,. Hg, Hs. H,, Hg, 

bptz 151.3 124.8 138.0 126.9 8.93 7.69 8.15 8.68 4.8 7.8 7.8 1.9 1.1 1.1 
[{(NHs)4Ru}2(bptz)]4+ 154.1 126.1 137.0 128.6 9.06 7.78 8.07 8.84 5.4 7.7 7.7 1.8 1.1 b 
[{(NH,),Ru}(bptz)]‘+ 150.9 124.9 138.4 127.2 8.88 7.68 8.11 8.60 4.5 7.8 7.6 2.0 1.2 b 

154.0 125.3 137.9 128.6 8.97 7.84 8.15 8.66 4.9 7.4 7.8 2.0 1.2 1.2 

““C and ‘H chemical shifts in d6-acetone, 6=206.04 and 2.04 ppm vs. TMS. bNot clear enough to measure. 

MLCI transitions. The 295 nm (~=2.8~ 104 M-’ 
cm-‘) peak is assigned as a intraligand pr-+p’rr* 
transition based on the large molar absorptivity, and 
similarity with the [((bpy)2Ru}Z(bptz)]4+ ion [1, 2, 

51. 
The similarity of [{(NII,)4Ru}z(bptz)]4’ with the 

previously reported [{(bpy)2Ru}2(bptz)]4’ complex 
allows for evaluation of the comparative electronic 
absorption and electrochemical effects of the (+ only 
NH3 versus rr backbonding bpy non-bridging ligands. 

The 850 nm shoulder, and gradual rise to the 603 
nm peak for [{(NIIs)4Ru}z(bptz)]4+ may contain sev- 
eral MLCT transitions. Near-IR and low energy 
visible absorptions have also been reported for bptz 
bridged bimetallic MO(O), W(O), Re(1) and Mn(1) 
carbonyl complexes [2, 3, 61, as well as for the 

WwMW4-vW14 + ion 151. Previous assignment 
of low energy absorptions as MLCT transitions for 

carbonyl complexes was based on solvatochromic 
behavior, and for [{(bpy)2Ru}2(bptz)]4’, on ESR data. 
The absorption peak at 688 nm for 

t{(bpy)zR&(bptz)l”+ was assigned as a drr-+bptz 
pr* MLCI transition. The higher energy absorptions 
were assigned to Ru drr transitions as higher un- 
occupied MOs, and Ru dr+bpy prr* MLCI tran- 
sitions to a 404 nm absorption. 

A comparison of the lowest MLCI transition 
energies of ({(NH~)4Ru}z(bptz)]4+ versus [{(bpy)T 
Ru}*(bptz)14+ shows the MLCT shoulder at 850 nm 
for the ammine complex lower in energy than the 
corresponding shoulder at 800 nm for the bis-bpy 
complex. This is in agreement with previous com- 
parisons for ruthenium amrnine versus bpy complexes 
utilizing bpym [18] and dpp [9] as bridging ligands, 
and ammine versus tpy ruthenium(I1) complexes with 
tpd [29, 301 as the bridging ligand. Since the u only 
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NH3 ligand has no interaction with the filled Ru dr 
orbitals, they are effectively non-bonding and com- 
paratively de-stabilized with respect to the Ru drr 
orbitals in complexes bound to the r withdrawing 
bpy ligands. As a result, a lower energy Ru drr+ bptz 
pr* MLCI transition is observed for the ammine 
complexes. Of particular interest is the 603 nm peak 
for [{(NH,),Ru},(bptz)]4+ that is higher in energy 
than the similar 688 nm peak for [{(bpy)zRu},- 
(bptz)14+. Our interpretation of the results is that 
for the [{(NH,),Ru}z(bptz)]“’ complex, the Ru 
dr+ bptz prr* MLCT transition at 603 nm is es- 
sentially localized to the tetrazine ring with minimal 
or no rr mixing of the bptz tetrazine-pyridine rings. 
This is attributed to the fact that the coordinated 
pyridine rings do not compete for r electron density 
with the peripheral NH3 ligands. In contrast for the 

I{(bpy)~Ru}~(bptz)l”+ complex, the coordinated pyr- 
idyl rings of the bptz bridging ligand compete for 
electron density through the Ru d7r orbitals with 
the bpy peripheral ligands, and the comparatively 
reduced amount of electron density allows for more 
effectively mixing of the bptz pyridine and tetrazine 
rings. It is the enhanced pyridine-tetrazine inter- 
action that lowers the second highest bptz unoccupied 
molecular orbital of the [{(bpy)2Ru}z(bptz)]4+ com- 
plex, resulting in a comparatively lower MLCT energy. 

Electrochemical results support the interpretation 
that the tetrazine ring of bptz does not undergo 
significant interaction with the pyrazine rings in the 
[{(NH,)4Ru},(bptz)]4+ complex. Previous studies 
have correlated the separation of the first and second 
reductions of the bridging ligand in bimetallic com- 
plexes to the effective number of bonds in the bridging 
ligand system [31]. Bridging ligand systems with high 
numbers of bonds (delocalized poly-ringed systems) 
are able to minimize columbic repulsions while bridg- 
ing ligand systems with a small number of bonds 
(localized or non-coupled ring systems) are unable 
to separate charge to reduce columbic repulsions. 
The 790 mV separation of the first two bptz reductions 
for [{(NH,),Ru}z(bptz)14+ corresponds to a system 
with less than 10 bonds, that is, localized to the 
central tetrazine ring with little interaction to the 
pyridine rings. 

The tentative assignment of absorptions for 
NI--WW4W414+ is that the 850 nm shoulder 
is assigned as a Ru dm+ bptz prr* MLCI transition 
to the lowest unoccupied bptz molecular orbital and 
the 603 nm peak a Ru dr+ bptz pr* MLCT transition 
to a higher unoccupied molecular orbital also lo- 
calized to the tetrazine ring. The 370 nm transition 
is assigned as a higher energy Ru dr--, bptz pn-* 
MLCT transition, while the 299 nm absorption is 
similar in energy and intensity to that reported for 

[WwMW2(‘w~)14 + and is assigned as a bptz rr-r* 
intraligand transition. 

The low energy shift of the MLCI transition for 
bimetallic versus monometallic complexes has pre- 
viously been observed for low spin d6 systems, and 
has been interpreted as being due to a combination 
of the lowering of the bridging ligand rr* LUMO 
and formation of a higher energy Ru dn=bridging 
ligand p?r*-Ru drr non-bonding molecular orbital 
[7, 9, 18, 32, 331. The net result observed is a lower 
energy d*non-bonding) --) prr* transition in bime- 
tallic complexes. Electrochemical measurements ver- 
ify the bptz pr* LUMO for [{(NHJ)4Ru}2(bptz)]4+ 
is 0.06 V more easily reduced (stabilized), and the 
dr HOMO is 0.55 V more easily oxidized (desta- 
bilized) than in the [{(NH3)4Ru}(bptz)]2+ complex. 
The less positive potential of E&l) for 
[{(~~)4WdWz)14’ Venus G-Z for N~MW- 
(bptz)12’ by 0.55 V can be attributed to predominate 
(NIQ4Ru drr back-donation to the bptz ligand, 
resulting in formation of a Ru dr-bptz prr*-Ru drr 
non-bonding molecular orbital that is more easily 
oxidized. 

The ruthenium redox potentials &(l) and 
E&2) for the [{(NH3)4Ru}2(bptz)]4+ couples are 
less positive than the analogous [{(bpy)zRu},- 
(bptz)14+ couples. This follows from the concept that 
the M-r, ligands do not withdraw Ru drr electron 
density as do the bpy ligands, resulting in less positive 
metal oxidations for the ammine complex. The value 
of AErn(2-1) = 840 mV for [((NHs)4Ru}z(bptz)]4+ is 
larger than the AEin(2-1) =500 mV value for 

[{(bpy)zRu}~(bp~)l”+, and the magnitude of the 
AEln indicates substantial metal-metal interaction 
occurs for both complexes. The larger AE,, value 
for the ammine complex indicates enhanced Ru-Ru 
interaction may result from radial extension of the 
dr orbitals in the presence of CT bonding peripheral 
ligands such as NHS, versus acompetitive bpy ligands. 
The smaller AE,,(2-1) =500 mV value for the 

NbWu12(bW14 + again indicates that rr com- 
petitive peripheral ligands compete for electron den- 
sity, resulting in less electronic communication be- 
tween the metal centers. As previously demonstrated, 
it is the electron density at the coordination centers 
in the LUMO of the bridging rrligand that determine 
the AEln(2-1) value [4]. Our interpretation of the 
data is consistent with that concept since the com- 
paratively rich Ru dr orbitals with NH3 as the 
peripheral ligands allow for greater electron density 
at the tetrazine coordinating atoms, resulting in the 
large metal-metal interaction for the ammine com- 
plex. 
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The AEm values of the bimetallic complex 
allow for the calculation of Km,,, according to the 
formula eXpW~~WW69), where AEin is in millivolts 
and T=25 “C, and the comproportionation equilib- 
rium is described by [34-361 

W-I&Ru]z(bptz)4+ + WW4Ru]z(bptz)6+ - 

W~dJW,tW45 + 

The Km,= 1.6X lOi value is larger than the cal- 
culated value for the analogous tetraammineruth- 
enium bpym [18] and dpp [9] bridged complexes. 
Despite the high comproportionation constant, ti- 
tration of the [{(NH3)4Ru}2(bptz)]4+ [2+, 2+] spe- 
cies with Ce(IV) produced a decrease of the char- 
acteristic absorptions at 850,603 and 370 nm without 
appearance of an intervalence band in the 700-1300 
nm region, The ability to detect intervalence ab- 
sorptions was limited by the large extinction coef- 
ficients of MLCT transitions of the reactant and by 
the solvent window. Thus experimental conditions 
limit the ability to detect an intervalence band to 
transitions with E> 103, and a water solvent limited 
wavelength window to A< 1300 nm. Throughout 
Ce(IV) addition up to one equivalent, isosbestic 
points at 545 and 365 nm observed during the 495 
nm absorption increase, indicated formation of a 
single product, that was most likely the 
[{(NH3)4Ru}2(bptz)]5+ species. Throughout addition 
of the second equivalent of Ce(IV), the second set 
of isosbestic points established as the absorption 
maximum at 495 nm decreased in intensity, is in- 
terpreted as the [{(NH3)4Ru}z(bptz)]‘+ complexbeing 
oxidized to the [{(NH,),Ru}(bptz)]+6 species. The 
chemical re-reduction ability of the [2, 31 or [3, 31 
bimetallic complex to produce the absorption spec- 
trum of the initial [{(NH3)4Ru}Z(bptz)]4’ spectrum 
further substantiates the electrochemical reversibility 
of the ruthenium oxidations. Addition of excess 
Ce(IV) past the second equivalence point caused 
loss of the isosbestic point again, probably as a result 
of NH3 oxidation to form NO, as has been reported 
for Ce(IV) oxidations of (trpy)Ru(bpy)NHa2+ [371. 
Collaborative work is currently underway on elec- 
trochemical generation of mixed-valence interme- 
diates of [{(NH3)4Ru}z(bptz)]s’ and previously pre- 
pared bimetallic complexes with large AE values. 

The assignment of ‘H NMR signals for the bptz 
ligand is based on previous assignments for pyridine 
[38] and similar ligands such as dpp and dpq [15]. 
Tentative assignment of uncoordinated bptz signals 
has I-& farthest downfield at 8.93 with coupling 
constants Jhs= 4.8; Jh4= 1.9 and J&s= 1.1 Hz. The 
H3 resonance is at 8.68 ppm with Jsb4= 7.8; Ja> = 1.1 
Hz. I-& is a set of overlapping doublets at 8.15 ppm 

and JJs5 =J,,=7.8; J4,6= 1.9 Hz and the Hs multiplet 
is at 7.69 ppm with J5,6=4.8, J5,4=7.8 and J5,s= 1.1 
Hz. An instrumentally generated simulated spectrum 
using the coupling constants is presented for com- 
parison with the observed ‘H NMR spectrum (Fig. 
4). The 13C NMR spectrum for uncoordinated bptz 
gives four signals for quaternary bptz (pyridine) 
carbon atoms that are tentatively assigned as C, at 
151.3, C4 at 138.0, G, at 126.9, C, at 124.8 ppm. 

The ‘H NMR spectrum of the symmetric bimetallic 
complex has H6, at 9.06 ppm (doublet); H3, at 8.84 
ppm (doublet); H4, at 8.07 ppm and H5, at 7.78 ppm 
(triplets). Signals for I&, Hs,, and I&‘, are downfield 
from the uncoordinated ligand, while the Hs, signal 
moves slightly upfield upon complexation. The 13C 
NMR spectrum for the bimetallic complex has down- 
field shifts from the free ligand for C6., C&, and C,’ 
to 154.1, 128.6 and 126.1 ppm, respectively, while 
the signal for C4. moves upfield slightly to 137.0 
ppm- 

Assignments of ‘H and 13C NMR signals for the 
unsymmetric monometallic compound are based on 
the resonances and coupling constants of the free 
ligand and for the bimetallic compound. Thus, ‘H 
doublets at 8.97 and 8.88 ppm are assigned to H6, 
and H6, respectively, and H3’ and H3 doublets appear 
at 8.66 and 8.60 ppm, respectively. Hg’ and H5 triplets 
are at 7.84 and 7.68 ppm. Triplets at 8.15 and 8.11 
ppm are assigned as H4 and I&, respectively, as I& 
is expected to shift upfield upon coordination (as 
in the bimetallic complex). The “C NMR spectrum 
of the monometallic complex gives eight distinct 
signals, that are again assigned by analogy to the 
signals for the free ligand and the shifts noted for 
the bimetallic complex. Based on this analogy, the 
assignment of carbon resonances is G. and C, at 
154.0 and 150.9 ppm, respectively; C4, and C4 at 
138.4 and 137.9 ppm, respectively; G. and C, at 
128.6 and 127.2 ppm; t.& and Cs at 125.3 and 124.6 
ppm. 
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