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The synthesis of dinuclear [Ru'([n]aneSy)] (where n = 12, 14) complexes of the bridging ligand 3,6-bis(2-pyridyl)-
1,2,4,5-tetrazine are reported. The X-ray structures of both of the new complexes are compared to a newly obtained
structure for a dinuclear [Ru'([9]aneS;)]-based analogue, whose synthesis has previously been reported. A comparison
of the electrochemistry of the three complexes reveals that the first oxidation of the [Ru"([nJaneS4)]-based systems
is a ligand-based couple, indicating that the formation of the radical anion form of the bridging ligand is stabilized
by metal center coordination. Spectroelectrochemistry studies on the mixed-valence form of the new complexes
suggest that they are Robin and Day Class Il systems. The electrochemical and electronic properties of these
complexes is rationalized by a consideration of the sz-bonding properties of thiacrown ligands.

Introduction The CT ion has been the template for a huge variety of

oligonuclear complexes. The electrochemical and photo-

physical properties of these complexes have been thoroughly
investigated, and their fascinating electron transfer, ET,

properties mean that they have functioned as prototypes for
a multiplicity of molecular device$However, although it

- 2" is known that altering coordinated donor ligands can have

over two decades, the extent of electronic delocalization significant effects on the properties of such systdtns,

within the CT ion was an issue of great debate, with ;i ,aly all this work has exclusively involved nitrogen-
conflicting evidence suggesting that the system was either 4, ligands

Robin and Da§Class Il (valence localized electron hopping) Given that many biological ET systems are based on

edldd - = .
or Class Il (valence delocalized): " Following Stark  y.ansition metals coordinated to sulfur donor sitese have
spectroscopystudies, it was concluded that the complex was been investigating how the inclusion of sulfur-donating

Class I .and further ewdence in support of Fh|s conclusion thiacrown ligands modulate the ET properties of MV com-
was provided by later detailed DFT calculationispwever,
more recently it has been suggested that its properties are — :
more appropriately described by a new classification, Class g't&%rg%&% g@%”}ssg;lf@e%?ﬁS4§2ks.tﬁ|‘fj§s',\T 's?'-'TSa[;;Irgr'Tv'
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For nearly 40 years, the electronic properties of ligand-
bridged dinuclear mixed valence (MV) transition metal
complexes, particularly those of@l metal centers, have
attracted a huge amount of attentiohe Creutz-Taube
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Table 1. Summary of Crystallographic Data fot][PFe)2, [2](PFe)s, and B](PFe)a

[1](PFe)2 [2)(PFe)a-4CHNO; [31(PFe)s-4CHNO;
empirical formula G4HzCloF12N6PRWSs CzoHs52F24N1008PsR WSg CzeHeoF24N1008PsR WS
M, 1159.9 1743.34 1799.44
cryst syst triclinic monoclinic triclinic
space group P1 P2/c P1
cryst dimensions/mm 0.38 0.23x 0.12 0.43x 0.22x 0.12 0.28x 0.07x 0.07
alA 10.2695(10) 16.6771(12) 11.398(5)

b/A 10.4904(10) 10.9629(8) 12.470(6)

c/lA 14.0838(14) 19.3193(14) 16.302(7)

of° 110.382(2) 90 68.837(8)

pl° 100.025(2) 113.4250(10) 72.709(9)

yl° 93.354(2) 90 71.477(8)

U/A3 1388.8(2) 3241.0(4) 2004.8(15)

z 1 2 1

Dc/Mg/m? 1.387 1.786 1.490

F(000) 574 1740 902

w(Mo Ka)/mm~1 0.985 0.942 0.764

final R1 [I > 20(1)] 0.0806 (0.0961) 0.0670 (0.0833) 0.0915 (0.1226)
(all data)

final WR2 [I > 20(1)] 0.2274(0.2493) 0.1929 (0.2051) 0.2252 (0.2404)
(all data)

plexes. Our initial studies, involving the facially coordinating (PF)4, Scheme 1, were carried out through the reaction of
tridentate ligand [9]aneSresulted in the isolation of oligo-  bpta with the appropriate [(RafaneS)CI(DMSO)]* starting
nuclear complexes, such A¢Scheme 1), displaying intense material** In all three cases, it was found that addi-
electronic coupling?'®Recently, we have developed routes to tion of NH,PF; to a hot solution of the reaction mixture led
the synthesis of mononuclear complexes incorporating to the precipitation of analytically pure products that required
[([nJaneS)Ru] metal center&! Herein, we outline the syn-  no further workup. The solid-state structures of all three pro-
theses and properties of analogous dinuclear complexesducts were confirmed by X-ray crystallography, Table 1.
bridged by the ligand 3,6-bis(2-pyridyl)-1,2,4,5-tetrazine,  The structure of the catiot?" is shown in Figure 1, and
bptal® selected bond lengths and angles are summarized in Table 2.
) ) The two ruthenium(ll) ions ofl®" take up distorted
Results and Discussion octahedral coordination geometry and lie in one plane with
Synthetic and Structural. Although the synthesis of
[(RuCl[9]aneS).bpta](Pk),, [1](PFs)2, has been reported N
before!? we have developed a more convenient synthesis g
that does not require column chromatography. The synthesis
of the new dinuclear thiacrown complexes [(Ru[12]aneS
bpta](PF)a, [2](PFs)4, and [(Ru[14]aned.bpta](Pk)a, [3]-

(10) de la Rosa, R.; Chang, P. J.; Salaymeh, F.; Curtis, lhaZy. Chem
1985 24, 4229. Salaymeh, F.; Berhane, S.; Yusof, R.; de la Rosa, R.;
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Figure 1. Diagram of structure of the cation df][PFs), showing thermal
ellipsoids. Hydrogen atoms, solvent, and counterions omitted for clarity.
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C(14A) &) CI8A)
Py p /Y

Figure 2. Diagram of structure of the cation d][PFs)4 showing thermal

ellipsoids. Hydrogen atoms, solvent, and counterions omitted for clarity. Figure 3. Diagram of structure of the cation d][PFs)s showing thermal

ellipsoids. Hydrogen atoms, solvent, and counterions omitted for clarity.
Table 2. Selected Bond Lengths and Angles for Compl&KPFe)2

Distances and Bond Lengths (A) However, there are now significant differences in the three

Ru(1)--Ru(2) 6.702 trans angles at the ruthenium(ll) site with all three showing
Ru(1)-N(1) 2.011(5) significant deviation from 180 These distortions are due
Eﬂg)):gg’)) 22'_%%%(35()17) to a previously observed phenomenon; the steric demands
Ru(1)-S(2) 2.3111(16) of coordinating all four donor S atoms of a macrocycle
Ru(1)-S(3) 2.3389(16) possessing a relatively small host cavity®

Ru(1)-Cl®) Angles (deg) 2.4177(17) The metat-sulfur bond lengths show slight differences,
N(1)-Ru(1)-S(1) 92.81(15) e.g., Ru(1¥S(3)= 2.3764(14) A compared to Ru@5(4)
H(i)—su(i)—g(g) 132-;2(1? = 2.3140(15) A, this too is largely assigned to distortions
NE3§,R3§1);S§1§ 94:89((15)) due. to the relatively small size of the [12]-angeBordination
N(3)—Ru(1)-S(2) 172.87(14) cavity.

Hg;_gug)):ﬁl((?) ?88-3%5((21)4) While the structure of3](PFs), is very similar to that of
S(lleT(l%Cl(l) 175.20(6) [2](PFs)4, there is clear evidence that coordination of the
S(2-Ru(1)-ClI(1) 91.74(6) larger [14]-ane-ligand produces less distortion away from
SE)-Ru(1)-Cl(1) 87.28(6) idealized octahedral geometry (Figure 3, Table 4). For
SWRU-S) 88.22(6) example, although the angle in the five-membered chelate
S(1)-Ru(1)-S(3) 87.92(6) '

S(2-Ru(1-S(3) 88.23(6) ring that arises from the bidentate coordination of the two
N(1)—Ru(1)-CI(1) 91.98(15) N-donors of the bpta ligand is still small (79.2{B)the three
N(3)—Ru(1)-CI(1) 85.70(15)

trans angles i3 show a range of ca. 6.28ompared to the

the bpta ligand. Thanks largely to the conflicting coordination @nalogous figure fol of over 12.5.

demands of the thiacrown and the bidentate nitrogen sites Furthermore, compared @, the metat-sulfur bond

of the bpta ligand, the three trans angles at the ruthenium(ll) I€ngths in3 now show very small differences, e.g., Ruf1)
site show a slight variation away from ideal octahedral S(3)= 2.338(2) A compared to Ru(¥)5(2) = 2.303(2) A.
geometry: the two trans angles of-fRu—S are 176.56(15) These slight differences are probably due to trans effects, as
and 172.87(14) while the S-Ru—Cl angle is 175.20(6) S(2) is trans to S(3) while N(1) is trans to 8(2). Qlearly, as
As might be expected, the five-membered chelate ring thathas been observed befdfe; [14]aneS coordination pro-
results from the bidentate coordination of the N-donor atoms duces less distortion away from idealized octahedral geom-
of the bpta ligand results in a bite angle of 78.30(@hich etries compared to the smaller-diameter [12]aneS _

is more acute than the idealized °90There are slight In previous studies on mononuclear complexes of thia-
differences between the RS bonds with Ru(1) S(1) being crown macrocycle&} we have found that lone-pair inversion
the shortest2.3033(17) A-probably due to the greater trans ©Of sulfur donors can lead to three possible invertomer
effect of chlorine. conformations, which we labeles b, andc—Scheme 2.

The structure of the catic@#", showing thermal ellipsoids, 16) (a) Goodfellow, B. J.; Pacheco, S. M. D.; Pedrosa de Jesus, J.; Felix
is displayed in Figure 1, and selected bond lengths and angleé V.. Drew, M. G. B. Polyhedron1997, 16, 3293. (b) Santos, T. M.;
are summarized in Table 3. Goodfellow, B. J.; Madureira, J.; Pedrosa de Jesus, J.; Felix, V.; Drew,

As for 12*, both ruthenium(ll) ions are in a distorted M. G. B. New J. Chem1993 23, 1015.

o . . (17) Blake, A. J.; Reid, G.; Schder, M. J. Chem. Soc., Dalton. Trans
octahedral geometry and lie in one plane with the bpta ligand. 1989 1675.
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Table 3. Selected Distances, Bond Lengths, and Angles for Complex  Table 5. UV/Visible Absorption Data forl—3
[2](PFe)a

. complex Amax (NM) € (dm3mol~1cni1) assignment

Ru(l)'.RUIZ()lzs)trsmces and Bond Length é.AS?OG 12+ b 302 34 900 J—
Ru(1-S(1) 2.3704(15) - o g et
Ru(1)-S(2) 2.3276(13) 528 12 000 MLCT
Ru(1)-S(3) 2.3764(14) 716 2 000 MLCT
Ru(1)-S(4) 2.3140(15) ot 327 35 200  x
Ru(1)=N(1) 2113(5) 628 21100 “MicT
Ru(1)-N(2) 2.038(4) 210

sh MLCT
N()-RU(1)-N(2) Angles (deg) 79.2(3) aHexafluorophosphate salts in acetonitrftsigures from ref 12.
N(1)—Ru(1)-S(1) 94.97(18) ) . ) )
N(1)—-Ru(1)-S(2) 177.96(18) shows some evidence of exchange broadening. Again, this
m(i):su(i)—g(i) gg-gg(ig) observation is consistent with previous studies on analogous
NEZ;_Rﬂgl)):SEl; 87:19&93 mononuclear complex&s'® and indicative of invertomer
N(2)—-Ru(1)-S(2) 98.7(2) interconversion.
Hg;:gﬂg);ggg lgi-gi(ég)) UV/vis Spectroscopic StudiesThe UV/vis spectra of the
S(1-Ru(1)-S(2) 85.05(9) hexafluorophosphate salts 2f" and 3** were recorded in
S(1)-Ru(1)-S(3) 176.34(8) acetonitrile solvent, and details are summarized in Table 5.
28:538;:?&3 gi-%‘% To aid comparisons, data faf* are also included. Both of
S(2)-Ru(1)-S(4) 89.45(8) the new complexes display two distinct band types. The first
S(3-Ru(1)-S(4) 86.04(8) of these bands, between 300 and 330 nm, has very large

Table 4. Selected Distances, Bond Lengths, and Angles for Complex absorptlon coefficient and, by anaIOgyjﬁj and other bpta

[3](PFe)a complexes??0is assigned to ligand-centerad-z* transi-
Distances and Bond Length (A) tions. .
Ru(L)y--Ru(2) 6.708 Less-intense bands observed between 500 and 750 nm are
Ru(1)-S(1) 2.331(2) assigned t®™MLCT transitions involving the pyridyl and
238)):2% ggggg; tetrazine moieties of the bridging ligand. It is noticeable that
Ru(1)-S(4) 2.326(2) the energy of these latter bands seems to be dependent on
Ru(1)-N(1) 2.080(6) the thiacrown coordinated to the metal center: for complex
RU(L)-N@) 2.017(6) 2, which contains [Ru([12]anel metal centers, two bands
Angles (deg) centered at 528 and 716 nm are observed, while analogous

Hﬁiisﬂﬁﬁgfﬂ éilzi((ll?) transitions forl'2 and3, are merged due to a bathochromic
N(1)—Ru(1)-S(2) 91.96(12) shift of the higher-energy band.
N(1)—Ru(1)-S(3) 95.98(12) Electrochemical StudiesThe electrochemical properties
Hg;:gﬂg?gg; 1;1:;‘2((% of 1 have been reported befoteCyclic voltammetry (CV)
N(2)—Ru(1)-S(2) 170.13(13) studies were carried out on the new complexes in acetonitrile
N(2)~Ru(1)-S(3) 95.06(12) solvent with 0.1 M BuNPFs as the support electrolyte.
gg)):s&(ll)fss(%) ggfg%)z) Within the MeCN solvent window, complexésand 3
S(1)-Ru(1)-S(3) 164.91(15) display three redox couples that show good reversibility. For
S(1y-Ru(1)-S(4) 83.78(6) previously reported dinuclear complexXé4??°such adl, two
3@?338?38 gg:igg separate redox processes that are anodic relative to Ag/AgCI
S(3-Ru(1)-S(4) 83.32(5) are observed and these are assigned t'Reouples—for

1, AEy, for the oxidations is 480 m¥while a reversible
couple observed at very low cathodic voltages vs Ag/AgCl
(—0.049 V forl) is assigned to a low-lying reduction of the
tetrazine ring of bpta. For complex2and3, redox couples
are observed at very different potentials, Table 6; to aid
comparison, the previously reported data forare also
included.

The new complexes display a couple at €8.95 V. By
comparison with previously reported systems, this is assigned
The two new dinuclear complexes take up conformation to reduction of the pyridyl moieties of the bridging ligand.
b. In analogous mononuclear complexes, this was found to
be the lowest-energy conformation for coordinated [14]aneS (18) Champ”ess N. R.; Kelley, P. F.; Levason, W.; Reid, G.; Slawin, A.

. Z.; Williams, D. 3. Inorg. Chem 1995 34, 651.
while for the [12]aneg conformation,b was found to be (4 Johnson J. E. B.; de Groff, C.; Ruminski, R.IRorg. Chem. Acta
only slightly higher in energy than conformationAt room 1991, 187, 73. Poppe, J.; Moscherosch, M.; Kaim, Worg. Chem.
temperature, theH NMR spectrum oR*" is consistent with 1993 327, 2640
perature, p : (20) Ernst, S.; Ksack, V.; Kaim, Winorg. Chem 1988 27, 1146. Kaim,
the assigned structure of the complexes, while thad*of W.; Ernst, S.; Ksack, VJ. Am. Chem. S0d.99Q 112, 17.

Scheme 2. Three Possible Conformations of S-Donors in Coordinated
[nJane§ Ligands
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Table 6. Summary of Electrochemical Data 0.8+
complexX E12(1) (V) E12(2) (V) E12(3) (V)
1b —0.049 1.36 1.84 0.6
2 —0.93 0.26 1.80
3 —0.95 0.37 1.85

aCarried out under a dinitrogen atmosphere. Support electrolyte: 0.1 & 04+

M [NBu4][PF¢] in MeCN, v = 200 mV s'*. vs Ag/AgCl reference electrode.
All couples are reversible witihE < 100 mV and|lpdlpd = 1.P Data
from ref 12. 0.2

However, in contrast to previous reports, bpta/bpteetra-

zine-based) reductions at cathodic voltages close to zero are 997
not observed. Furthermore, while two anodic couples are 400 600 800
observed, the first is at an unusually low potentiakdf.40 Wavelength (nm)

V, while the second is at 1:81.9 V. More anodic sweeps, Figure 4. OTTLE plot of redox processes occurring for compat
up to the limit of the MeCN redox window (ca. 2.2 V vs 0.00 V'vs AgIAgCL.
Ag/Agt), reveal no further redox processes.

It is established that thiacrown ligands ateacceptor
ligands that stabilize low oxidation states; given this fact and
the low potential of the first anodic process for compleXes
and3, it seems unlikely that this is a metal-based couple. If
it were, this would imply that for each of the complexes, 32
AE;/5(1,2) would take an unprecedentedly large value above
1.5 V. Thus, this process is assigned to a bpta/bgiased
couple, which has been shifted by0.3 V compared to
previously reported systems such JasThis suggests that,
at least in the dry, anaerobic conditions employed in CV
experiments andtad V vs Ag/AgCl, the metal complexes
formally contain a reduced radical anion bridging ligand. Wavelength (nm)

Therefore, the second anodic process observed ford 3 Figure 5. OTTLE plot showing reduction *" at+0.00 V vs Ag/AgCl.
can be assigned to the first metal-based oxidation couple.
Certainly this latter assignment is consistent with previous
studies on monometallic [R([nJaneS)] systems which have
revealed large anodic shifts in metal-based oxidations; for
example the RU" oxidation couple for [RU([12]aneS)- of bands at 528 and 716 nm and a collapse of the band at
(bpy)* (where bpy= 2,2-bipyridine) is observed above 495 nm.

1.5 V vs Ag/AgClied Previously reported spectroelectrochemistry studied on

A second metal-based oxidation couple is not observed have confirmed that reduction ot results in the formation
in these experiments. This is unsurprising: as can be seerpf a tetrazine-based radical anion and that the band at 751

However, on application of a potential more than the first
anodic couple observed in the CV2&fan exact mirror image
of the process observed in Figure 4, occurs with the growth

from the data summarized in Table AF15(1,2) for 1 is hm assigned to Ru~ bpta *MLCT collapses during this
480 mV. Analogous electrochemical coupling Band 3 reduction proces¥. The spectral changes observed 2aat
implies the occurrence of a second'®ucouple at>2.3 V, 0 V closely resemble those observed during the reduction

a potential beyond the MeCN redox window. To gain further Of 1**. These observations confirm that, in normal atmo-
insights into the redox properties of the new systems, spheric conditions that are relatively oxidizing, the complex
complexes2 and 3 were investigated using UV/vis/NIR  exists a2**, but under an inert atmosphere artdaV vs
spectroelectochemistry. Ag/AgCl, the complex is reduced @, forming a system
Spectroelectrochemistry StudiesSpectroelectrochemis- ~ consisting of two Rl centers, bridged by the monoreduced,
try was carried out on hexafluorophosphate salts under aradical anion bpta.
dinitrogen atmosphere in acetonitrile using an optically  Studies orB reveal that a similaB*™3* reduction couple
transparent thin-layer electrochemical, OTTLE cell thermo- is also observed for this complex when it is held at a potential
stated at 253 K. All redox couples were fully reversible, as of 0 V vs Ag/AgCl in an inert atmosphere. Again, the
shown by the presence of clean isosbestic points duringformation of3%t is accompanied by a collapse of low-energy
interconversions. MLCT bands and the growth of a higher-energy band, in
It was found that the application of a voltageQV to a this case centered at 472 nm, Figure 5. Similar hypsochromic
solution of 2 led to a redox process. During this process, shifting of MLCT bands during metal complex reductions
bands at 716 and 528 nm assigned to MLCT almost has been commonly observed. As 8, the first oxidation
completely collapse and a new band at 495 nm appears, whileof 33" results in an exact reversal of all the changes observed
asx—m* band at 308 nm shows a hypsochromic shift to 289 in Figure 6, confirming that this anodic process is also due
nm, Figure 4. to the [bpta/bpta] couple.
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1.0+ tion vy, = (231)Y2 cm™?, yields vy, (2°T, calcd)= 2847
cm 1, wherev, is the width at half-height of the IVCT band
maximum. Within experimental error, this value very closely
matches the experimentally deriveg, of ca. 2780 cm™.
Therefore, it seems likely that this complex is a Robin and
Day Class Il (valence trapped/electron hopping) system,
perhaps verging on class II/lll behavior, and consequently,
an estimate ofHag can be obtained By

Abs

_ 2.05x 10°?

1/2
HAB - R (Vmaxfmaxvllz)

500 1000 1500 2000 2500 » ) )
Wavelength (nm) WhereR, the transition dipole length (the distance through

Figure 6. OTTLE plot showing the oxidation d#** to 25+ at+2.0 V in which the charge is carried), is approximated by the
acetonitrile. intermetallic distance of 6.806 A, obtained from the X-ray

. structure of 24t. Using the experimental datdilag is

1 calculated to be 575 cm. This value contrasts with the
results obtained fot>", which was found to be a Class IlI
delocalized systert, with Hag = 2688 cn?t

i The corresponding oxidation & results in a drop in

i intensity of the low-energy shoulder of the MLCT band,

1 Figure 8. However, the low-energy region of the spectrum
was very noisy and no IVCT could be discerned. It may be
that the IVCT is still further shifted outside the window of
the spectrometer used. Conversely, previous reports have
demonstrated that even Class Il valence-delocalized systems
incorporating bpta as a bridge can display very weak IVCT
bandsl®2022Given this latter observation, it is possible the
IVCT of 3%t is too broad and/or weak to be detectable.

1125 1625 2125 2625
wavelength (nm)

Figure 7. Detail of difference spectra o2} — 24*].

0.4-
Conclusions

It is clear that substitution of the [RuCI([9]ang $enter
used in1 with [Ru([n]aneS3] moieties has had profound
effects on the physical properties of the studied systems.
Electronically, the change in metal centers has clearly
resulted in a reduction in intermetallic coupling. Electro-
chemically, the most distinctive changes are the anodic shift
of the bpta/bpta couple and an even larger anodic shift in
the RU" couple. This change in the potential of the bpta/

500 1000 1500 bpta~ couple has meant that the ligand, which has previously
Wavelength (nm) behaved as an innocent bridging ligand for the construction
Figure 8. OTTLE plot showing the oxidation 08*" to 3°* at 2.0 V in of RUM MV systems has now begun to behave in a

acetonitrile. S .
distinctively noninnocent manner. All these changes can all

The most noticeable feature observed during oxidation of be explained by a consideration of the bonding properties
2*" to 2°* is, again, a reduction in the intensity of the MLCT  of thiacrown ligands.
band at 716 nm. However, although obscured by solvent  From simple electrostatic arguments, the oxidation df Ru
transitions, there is also clear evidence of the growth of a centers in the tetracatio$* and3*" would be expected to
broad, lower-intensity band centered at much lower energies,be anodically shifted compared to that of the dicatidh.
Figure 6. This NIR band is more clearly resolved in tB&€  However, the first Rl oxidations of2** and 3*" are also
— 2*] difference spectrum, Figure 7. considerably anodically shifted compared to analogous
Although the lower-energy side of the band extends tetracations; for examplef Ru(bpy)} Joptal* displays a first
outside the range of the spectrometer, the band appears t®Ru'-based couple at 1.52 ¥.Clearly, another factor must

be Gaussian with a maximure ¢ 3700 dnf mol™* cm™) also contribute to the large changes in the electrochemical
centered at very low energy, ca. 2850 nm3600 cnT?). behavior of24* and3* compared tdl?*.

The energy, intensity, and form of this band are consistent

with intervalence charge-transfer, IVCT. (21) Hush, N. SProg. Inorg. Chem1967, 8, 391. Hush, N. SElectrochim.

- . . . Acta 1968 13, 1005. Hush, N. SCoord. Chem. Re 1985 64, 135.
Assuming Gaussian band shape and using the h|gh-energ¥22) Gordon, K. C.; Burrell, A K.. Simpson. T. J.; Page, S. E.. Kelso, G.;

side of the transition, Hush thedtyeveals that the calcula- Polson M. I. J.; Flood, AEur. J. Inorg. Chem2002 554.
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Complexes of 3,6-Bis(pyridyl)-1,2,4,5-tetrazine

It has been known that thiacrowns are poedonors but precipitate that was quickly filtered, washed with water and ethanol,
good s-acid Iigand§.3 The substitution of ther-donor and then dried in vacuo. No further purification was needed. Yield
chloride ligand inl with z-accepting thiacrown-based sulfur = 0.22 g (55%).
ligands in complexe and3 results in a decrease of electron Preparation of [{Ru([12]aneS)} >-u-bpta][(PFe)al, [2](PFe)a.
density on the metal center, thus stabilizing thé Bxidation ~ [RUCI(DMSO)([12]aneg]PFs (0.3 g, 0.5 mmol) was refluxed in
state. However, this effect means the'Ruetal center ~ 20 mL of ethanol/water, 1.1, in the presence of AgNO.11 g,
accepts more electron density from the already electron- -3 €9ulV) for 4 h. After removal of AgC by filtration, bpta (0.059

L . . . .._. @, 0.5 equiv) was added and the reaction mixture was refluxed for
deficient tetrazine ring of the bpta bridge, thus destabilizing )

. - . . a further 3 h. Excess NiPF; (0.4075 g, 5 equiv) was added to the
thg oxidized form of this ligand V_V'th reSpeCt_ to the radical warm solution, resulting in a precipitate, which was quickly filtered
anion form. Increased back-bonding to the thiacrowns would 44 then washed with water and ethanol and then dried in vacuo.
also lower electron density available for delocalization over Ng further purification was needed. Yietd 0.214 g (57%)H
the bridging ligand and, as has been seen béfates leads NMR (CDsNO,): Oy = 3.06-4.47 (m, 32H), 8.05 (dd, 2H), 8.43
to a lowering of intermetallic electronic coupling. (dd, 2H), 8.95 (d, 2H), 9.65 (d, 2H). MWz (%):1355 (100) [M

Further studies on the electronic properties of these — PFg]. Anal. Calcd for RuCagHaoNsSsP4F24 (1500): C= 22.43%,
complexes are currently underway, while related systemsH = 2.69%, S= 17.11%, N= 5.61%; found: C= 22.75%, H=
with multiple metal and ligand redox states are also being 2.21%, S= 16.86%, N= 5.34%

constructed. Preparation of [{Ru([14]aneS)} z-u-bpta][(PFe)], [3](PFe)a.
[RuCI(DMSO)([14]ane®]PFs (0.3 g, 0.478 mmol) was refluxed
Experimental Section in 20 mL of ethanol/water, 1:1, in the presence of AgNQ.106

g, 1.3 equiv) for 4 h. After removal of AgCI by filtration, bpta
2_(0.056 g, 0.5 equiv) was added and the reaction mixture was

refluxed for a further 3 h. Excess NPFR; (0.39 g, 5 equiv) was

added to the warm solution, resulting in a precipitate, which was
dquickly filtered and then washed with water and ethanol and then
dried in vacuo. No further purification was needed. Yield.208
g (56%).H NMR (CDsNOy): oy = 2.46-4.08 (m, 40H), 8.12
(dd, 2H), 8.47 (dd, 2H), 8.96 (d, 2H), 9.52 (d, 2H). M&/z (%):
1411 (34) [M+ —PK]. Anal. Calcd RyCsH1gNeSsP4F24 (1556):

Materials. All chemicals were obtained from commercial sources
and were used as supplied unless otherwise stated. 3,6-bis(
pyridyl)-1,2,4,5-tetrazine and RuCl(DMSO)(jnJaneS)][PFs] were
synthesized using published methé#%> Solvents were obtained
from commercial sources and were dried and purified using standar
literature methods. All reactions were carried out under a nitrogen
atmosphere unless otherwise stated.

Physical MeasurementsMicroanalyses for carbon, hydrogen,
nitrogen, and sulfur were obtained using a Perkin-Elmer 2400 "~ _ - o . N
analyzer, working at 975C. 'H NMR spectra were recorded on a 55_25;7%—:/:0 ;alills(yzo 186_9}1(;)4?\(1)1 2;1?%40%’ found: C=
Bruker AM250 machine, working in Fourier transform mode. Mass ’ ! ’ ' ' ’ ’ ’
spectra were obtained on a Kratos MS80 in positive-ion mode with ~ CTystals of Lj(PFe)z, [2](PFs)s, and B](PFe)s were grown by
amrnitrobenzyl alcohol matrix. UV/vis spectra were recorded on Vapor diffusion using nitromethane and diethyl ether mixtures.
a Unicam UV2 spectrometer in twin beam mode. Spectra were Crystallographic data are summarized in Table 1. In all three cases,
recorded in matched quartz cells and baseline corrected. CV wasdata were collected at 150 K on a Bruker Smart CCD area detector
carried out using an EG&G Versastat Il potentiostat and the With an Oxford Cryosystems low-temperature system and refined
Condecon 310 hardware/software package. Measurements werdVith the program package SHELXTtas implemented on the
made using~2 x 102 mol dm2 solutions in dry solvents under ~ Viglen Pentium computer. Hydrogen atoms were placed geo-
a nitrogen atmosphere with support electrolyte as stated. Potentialgetrically and refined with a riding model and with, constrained
were measured with reference to a Ag/AgCI electrode. Ferrocene© Pe 1.2 timedJe, of the carrier atom.

was used as an internal reference. UV/vis/NIR spectroelectrochemi- Acknowledament. M.N. is arateful for the award of an
cal measurements were performed in acetonitrile using an OTTLE cknowiedgment. VI.IN. 1S gratetul for th€ award ot a

cell mounted in a Cary-5000 UV/vis/NIR spectrometer and ther- EPSRC Q“(?ta stL_Jdentship. J.AT. and M.D.W. are also are

mostated at 253 K. grateful for financial support from EPSRC. J.A.T. acknowl-
Syntheses. Improved Preparation of {RuCI([9]aneSs)} »-u- edges the support of The Royal Society.

bpta][(PFe)2], [1](PFe)2- To a solution of 0.3 g (0.697 mmol) of . ) ) o

[Ru([9]aneS)(DMSO)Ch] in 20 mL of ethanol/water, 1:1, was _ Su_pportmg Information Available: Crystallographic informa-

added 3,6-bis(2-pyridyl)-1,2,4,5-tetrazine (0.0823 g, 0.5 equiv), and ton files for the structures 0f2)(PFe)2, [2](PFe)s, and B](PFs)a.

the reaction mixture was brought to reflux for 3 h. Excess;RI This material is available free of charge via the Internet at

(0.114 g, 3 equiv) was added to the warm solution, resulting in a NttP://pubs.acs.org.

IC051151B

(23) Mullen, G. E. D.; Went, M. J.; Wocaldo, S.; Powell, A. K.; Blower,
P. J.Angew. Chem., Int. Ed. Endl997, 36, 1205. Mullen, G. E. D.;
Fassler, T. F.; Went, M. J.; Howland, K.; Stein, B.; Blower, PJJ. (24) SHELXTL, An integrated system for solving and refining crystal
Chem. Soc., Dalton Tran4999 3759. structures from diffraction data (Revision 5.1), Bruker AXS LTD.
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