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Abstract: On the basis of the appearancev@=N) from 2007 to 2029 cm! in CDsCN, oxidation states at

Os incis,cis[(bpy)2(Cl)Og" (N2)Os' (Cl)(bpy)]®" (4), trans,trans[(tpy)(Cl),08" (N2)Os (Cl)a(tpy)]™ (5), [(tpm)-

(C208" (N2)OS!(Ch,(tpm)]™ (7), and [(Tp)(CIYOS" (NL)OS!' (C)2(Tp)]~ (8) are localized. Fob this conclusion

is reinforced by the crystal structure of the BFsalt, which shows that the Os sites are unsymmetrical. Five
narrow, solvent-independent bands appear in the near-infrared. They can be assigned to a combination of
intervalence (IT) and interconfigurationat e~ dr transitions. From integrated band intensities the magnitudes

of the resonance energies from electronic coupling

acrosg-Ke bridge vary from 1500 to 2500 crh.

Intramolecular 05— Os'" electron transfer is rapid on the time scale for solvent reorientation, but a barrier
still exists from low-frequency, coupled ©€I and Os-N vibrations.

Introduction

In the known mixed-valence-N, complexes of Os there is
evidence for delocalized oxidation states. Examples include
[(NH3)s0s(Np)OS(NHy)s]>*, ! [CI(NH3)40s(N)OS(NH;)CI] 3,2
and [(CHCN)(NH3)40s(N)) Os(NH)4(CH:CN)*" .34 In all three,
the absence of a(N=N) stretch in the infrared points to an
averaged electronic environment acrosstke, bridge. There
is further evidence for delocalization in the X-ray crystal
structure of [([CHCN)(NH3)40s(N\) Os(NH)4(CHsCN)°* in the
equivalent coordination environments at the two metal ions.

In this paper we present experimental data for a series of

mixed-valenceu-N, Os complexes showing that they have
properties commonly associated with both localization and
delocalization, but that there are localized'G<s' oxidation
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Figure 1. Ligand structures.

cis,cis[(bpy)2(Cl)Os" (N2)OS'(Cl)(bpy)k](PFe)s (4), trans,trans[(tpy)-

states. They are examples at the mixed-valence, localized-to-(C)208" (N2)Os'(CI)x(tpy)](PFs) (5), trans, trans[(tpy)(Cl)208" (*No)-

delocalized transition.

Experimental Section

Abbreviations used in the text include the following: TBAHtetra-
n-butylammonium hexafluoro-phosphd{®(n-Bu),(PFe)}, tpy = 2,2:
6',2"-terpyridine, bpy= 2,2-bipyridine, tpm = tris(1-pyrazolyl)-
methane, Tp = hydrido tris(1-pyrazolyl)borate anion, Fe= ferrocenium
cation, pic= 4-picoline, pz= pyrazine, IT= intervalence transfer,
and MLCT = metal-to-ligand charge transfer. Ligand structures are
shown in Figure 1.

The following compounds and salts appear in this stuttgns-
[Os" (tpy)(CN(N)I(PFe) (1), [Os" (tpm)(CI(N)](PFs) (2), [Os" (tpm)-
(CH(**N)](PFs) (2¥), Os"(Tp)(CI)2(N) (3), Os"(Tp)(Cl:(*N) (3%),

O (Ch(tpy)I(PFe) (5*), (tpm)(CI)0s'(No)Os'(Cl)z(tpm) (6) (tpm)-
(CN08 (*N)O<!(Cl)z{tpm) (6*), [(tpm)(CI20s" (N2)OS!(Cl)(tpm)](BF)
(@), [(tpm)(CI20s" (**N)Os' (Ch(tpm)1(BFs) (7*), [(TP)(CI)208" (N2)-
Os'(ClATP)I(CpCo) (B), [(TP)(CI)208" (**N2)Os'(Cl)o(Tp)](CpLo)
(8%), [08"(tpm)(CI(NCCHs)](PFs) (9), and trans{Os" (tpy)(Cl)-
(NCCH)](PFs) (10).

Materials. CH;CN (Burdick & Jackson) and Cil, (Mallinckrodt)
were used as received. Deuterated solvents and isotopically labeled
reagents were purchased from Cambridge Isotope Laboratories and used
as received. TBAH was recrystallized three times from boiling EtOH
and dried under vacuum at 12C for 2 days. The salts [M{Bu),]-
[Os(N)(CI],® cis,cis[(bpy)(Cl)Os" (N2)Os'(Cl)(bpy)](PFe)s (4),>
trans{Os" (tpy)(Cl),(NCCHg)](PFs) (10),>trans, trans[(tpy)(Cl),0s" -
(N2)OS! (Cl)aA(tpy)I(PF) (5),%*°trans, trans{(tpy)(CI)z0s" (*N) Os! (Cl)-

T Nalco Chemical Company, Global Water Research, One Nalco Center,
Naperville, IL 60563-1198.

*Present address: Department of Chemistry, California Institute of
Technology, Pasadena, CA 91125.
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Table 1. Summary of Crystal Data, Intensity Collection, and Structure Refinement Parameters for

trans,trans[(tpy)(Cl),0s" (N,)Os'(Cl)(tpy)](BFs)-DMF-H,0O (5)

Demadis et al.

salt 5

formula O$C|4C33H3;|BF4N902
molecular wt 1192.66

a(h) 8.6350(1)

b (A) 14.1004(2)

c(A) 16.0212(1)

o (deg) 103.328(1)

S (deg) 93.209(1)

y (deg) 96.412(1)

V (A3 1879.53(4)

z 2

crystal system triclinic

space group P1

crystal size (mm) 0.0% 0.04x 0.15

dealca (g/C n?)
diffractometer

2.107
siemens CCD Smart

radiation

Mo Ko (1=0.71073 A)

collection temp —150°C
abs coeff cm?t 7.10
F(000) 1132.38
Bax (deg) 50.0
no. of total reflcns 16877
no. of unique reflcns 6652
no. of refined reflcns 4126
merging value 0.052
no. of parameters 497
R (%)? 4.8
Ry (%)° 3.9
goodness of fft 1.28
deepest hole (e?f —-1.320
highest peak (effA 1.430

AR = Y (|Fo — Fe|)/3|Fol. PRy = [S(W|Fo — Fe))¥3SW(Fo)3Y? ¢ GoF = [SwW(F, — Fe)?(no. of reflections— no. of parametersyf.

(tpy)](PFs) (5%),51°[0s" (tpm)(CI)(NCCH)](PFs) (9),° and O¥'(Tp)-
(CDN) (3)** were prepared according to literature procedures.
Cobaltocene, FcBf-and NHPF were purchased from Aldrich. KTp
was purchaced from Alfa. The tpm ligand was prepared according to
literature procedure’:'3

Physical Measurements and InstrumentationElectronic absorp-
tion spectra were recorded on Hewlett-Packard 8452A diode array UV

taken to dryness and the resulting brown solid material was treated
with 100 mL of CHCN to give a brown precipitate that was filtered
off, washed with 3x 30 mL of CHCN and E3O and dried. Yield:

140 mg (87%). Anal. Calcd for fH20CliN140%:2H,0 (mol wt
1016.01): C, 23.67; H, 2.38; N, 19.33. Found: C, 23.79; H, 2.62; N,
17.73. Infrared (cmt, in KBr): »(N=N) 2040 (w);v(tpm) 1511 (vs),
1437 (vs), 1407 (vs), 1272 (vs).

vis spectrophotometers in quartz cuvettes. FT-IR spectra were recorded  (tpm)(Cl)20s" (3N2)Os' (Cl)2(tpm) (6*). This complex was prepared
as KBr pellets on a Mattson Galaxy series 5000 spectrophotometer atby the same method with [Jgtpm)(CI)(**N)](PFs) (2*) as the starting

4 cm?! resolution. Solution IR spectra were collected by using
deuterated solvents and a cell with Gandows and 1.35 mm path

material. Infrared (cmt, in KBr) v(*3N='N) 1972 (w).
[(tpm)(CI) 208" (N),0s" (Cl)2(tpm)](BF 4)-2H20 (7). A quantity of

length. Spectra in the near-IR region were recorded on a Cary model 6 (100 mg, 0.10 mmol) was suspended in4CM (30 mL) and FcBF

14 spectrophotometer by using a matched pair of 2 mm path length
quartz cells. Electrochemical measurements were made i €RH.1
M in TBAH as supporting electrolyte. A platinum disk was used for

(28 mg 0.10 mmol) was slowly added as a solid. The reaction mixture
was stirred for 50 min. During this time the brown solid gradually
disappeared and an olive green crystalline solid formed. This material

measurements as the working electrode. All potentials were referencedwas filtered off and washed with GBN and EfO. It was then
to the saturated sodium chloride calomel electrode (SSCE, 0.24 V vsrecrystallized from DMF/CECN/ELO, filtered off, and air-dried.

NHE), unless otherwise noted, at room temperature and were uncor-

rected for junction potentials. The auxiliary electrode was a coil of

Yield: 77 mg (71%). Anal. Calcd for £H20Cl4N140$BF4:2H,0 (mol
wt 1103.02): C, 21.81; H, 2.20; N, 17.80. Found: C, 21.72; H, 2.40;

platinum wire. Three compartment cells were used, with sintered glass N, 16.75. Infrared (crmt, in KBr): »(N=N) 2029(vs);v(tpm) 1509
disks separating the compartments containing reference, working, and(vs), 1440 (vs), 1409 (vs), 1276(vs)B—F) 1062 (vs).

auxiliary electrodes. Voltammetric experiments were performed with
a PAR 173 galvanostat/poteniostat.

Spectral deconvolution of the near-IR bands for complekés 7,
and8 was conducted by using a subroutine in the commercial software
package GRAMS 32.

Synthesis of Compounds and Salts. [O5tpm)(CI) 2(N)](PFe) (2).

A quantity of [N(n-Bu)s[Os(N)(Cl)4 (1.00 g, 1.69 mmol) and tpm
(0.40 g, 1.86 mmol) were mixed together in €¥H (50 mL). The
reaction mixture was stirred overnight, during which time the color
turned to pink. NHPFs (1.00 g) was added as a solid to the reaction
mixture. An orange solid precipitated and was filtered off, washed with
EtOH, and recrystallized from GEN/ELO and finally air-dried.
Yield: 0.75 g (70%). Anal. Calcd for {gH1oClo2N7OsPFE (mol wt
634.96) C, 18.94 H, 1.59 N, 15.46. Found: C, 19.29; H, 1.73; N, 15.61.
Infrared (cn?, in KBr): »(Os=N) 1074 (vs)»(tpm) 1515 (vs), 1446
(vs), 1409 (vs), 1285 (vsy(P—F) 835 (vs).

[OsV! (tpm)(CI) 2(**N)](PFg) (2*). This salt was prepared by the same
method starting with (BiN)[Os(®®N)(Cl)4]. Infrared (cnT?, in KBr):
»(Os='N) 1053 (vs).

(tpm)(CI) 208" (N2)Os' (Cl)»(tpm)-2H,0 (6). A quantity of 2 (200
mg, 0.31 mmol) was dissolved in GEI, (200 mL). A stoichiometric
amount of cobaltocene (60 mg, 0.31 mmol) was added slowly as a
solid, which caused the color of the solution to turn brown. The reaction
mixture was stirred at room temperature for 30 min. The solvent was

(11) (a) Crevier, T. J.; Mayer, J. M. Am. Chem. Sod.998 120, 5595.
(b) Crevier, T. J.; Mayer, J. MAngew. Chem., Int. Ed. Engl99§ 37,
1891.

(12) Huckel, W.; Bretschneider, HBer. Chem1937, 9, 2024.

(13) Byers, P. K.; Canty, A. J.; Honeyman, R.J.Organomet. Chem.
199Q 385 421.

[(tpm)(CI) 08" (*3N),0s' (Cl)o(tpm)](BF 4) (7*) was prepared by the
same method with (tpm)(GPs' (3N2)Os' (Cl)o(tpm) (6*) as the starting
material. Infrared (cmt, in KBr): v(**N=!N) 1965 (vs).

[(Tp)(CI) 208" (N).0s'" (C)(Tp)](Cp2Co) (8). A quantity of 3 (60
mg, 0.12 mmol) was dissolved in GEl, (30 mL). Cobaltocene (11.5
mg, 0.06 mmol) was added slowly as a solid with stirring. The color
turned green immediately. The reaction mixture was stirred at room
temperature for 30 min. The volume of the reaction mixture was reduced
to 5 mL by rotary evaporation and 400 mL of,Et was added to
precipitate an olive green compound, which was filtered off and washed
with EtO. This material was recrystallized from @EN/EtO and air
dried. Yield: 36 mg (50%). Anal. Calcd forgHz0ClaN14B,0sCo (mol
wt 1167.02): C, 28.86; H, 2.59; N, 16.83. Found: C, 29.43; H, 2.61;
N, 14.54. Infrared (cmt, in KBr) »(N=N) 2011(vs);»(Tp) 1627 (vs),
1500 (vs), 1416 (vs), 1312 (vs), 1212 (v8fB—H) 2506 (vs).

[(Tp)(CI) 08" (*N),0s' (Cl)(Tp)](Cp2Co) (8*). This salt was
prepared by the same method starting witt'0)(CI)2(**N) as the
starting material. Infrared (cm in KBr): v(**N=%N) 1944 (vs).

X-ray Structural Determination: Data Collection, Solution, and
Refinement of the Structure. Single crystals ob6 were obtained by
slow diffusion of E$O into a 10:1 CHCN/DMF solution of the salt.
Crystal data, intensity collection information, and structure refinement
parameters for the structure are provided in Table 1. The structure was
solved by direct methods. The remaining non-hydrogen atoms were
located in subsequent difference Fourier maps. Empirical absorption
corrections were applied with SADABS. The ORTEP plotting program
was used to computer generate the structure shown in Figtfe 2.

(14) Johnson, C. KORTEP: A Fortran Thermal Ellipsoid Plot Program;
Technical Report ORNL-5138; Oak Ridge National Laboratory: Oak Ridge,
TN, 1976.
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Figure 2. ORTEP diagram (30% probability ellipsoids) of the cation o= AR S 5 8
in trans,trans[(tpy)(Cl)208" (N2)Os' (CD)(tpy)1(BF4) (5). =~ 9%
59
Table 2. Selected Bond Lengths (A) and Angles (deg) for £ g
trans, trans{(tpy)(C1)208" (N2)OS'(Cl)2(tpy)](BF+)-DMF-H.0 (5) S= Qoo N I~ @ ©
—_— NOOodO « o=
Bonds SO ooococo o o T3
os()—-CI(l) 2.352(3) 0s(2)-CI(3) 2.401(3) = A Fo
0s(I)-Cl(2) 2.371(3) 0s(2)}Cl(4) 2.402(3) ol
Os(I)=N(l) 1.968(9) Os(2yN(2) 1.909(10) a g
N()—N(2) 1.132(13) Os(2yN(31) 2.064(9) 9 -
Os(l)-N(11) 2.084(9) Os(2yN(37) 2.006(9) gg o o % uf
Os(I)~N(17) 1.996(9) Os(2yN(43) 2.087(10) oQlz z zZzzz2 O o Z2 Z Z 2o
Os(I)~N(23) 2.084(10)  Os(B-0s(2) 4.9726(7) SElE @ %3%8 LZ 2 2 3 3 g
Os(1)--B(1) 6.22 Os(2)+B(1) 6.74 s % O a o §3
= &= O
Angles 3 g =
Os(l-N()—N(2) 171.5(9) Os(2rN(2)—N() 172.1(9) <3
CI(l)—0s()—Cl(2) 177.6(1) CI(3)Os(2y-Cl(4)  179.0(1) I~ O
CI()—0Os(l)—N(l) 92.6(3) CI(3)-0s(2)-N(2) 91.8(3) ©v S 8
CI(l)—Os(l)-N(11) 88.0(3) CI(3)0Os(2)-N(31) 88.3(3) X z
CI(l)—Os(l)~N(17) 88.9(3) ClI(3)-0Os(2)-N(37) 88.4(3) o ]
CI(l)—0Os(I)-N(23) 91.4(3) CI(3)-0Os(2)-N(43) 92.3(3) 2 Zog z g
Cl(2)—Os()—N(l) 88.6(3) Cl(4)-0Os(2)-N(2) 88.5(3) = IS 4 fan & & g >
Cl(2)—0s(l)-N(11) 89.8(3) Cl(4y0Os(2)-N(31) 90.7(3) E|l <5< N2 Y - ST §
Cl(2-0s()-N(17)  89.8(3) Cl(4}>0s(2)-N(37)  91.4(3) 21539 2587 sS8 Y soads |85
Cl(2)—0s(I)-N(23) 90.3(3) Cl(4y0Os(2)-N(43) 88.6(3) 4 s ) &'_",g,:',% :',% o 8 Eddoy |9
N(l)—Os(l)-N(11) 97.9(4) N(2¥0s(2-N(31)  102.5(4) 8l 58809985835 32288 |0
N()—Os()-N(17)  177.5(4) N(2»0s(2-N(37) 178.3(4) 5| T AaN2IHEBRR Yo% ®m2mw <@ s
N()—Os()-N(23)  102.7(4) N(2)-Os(2-N(43)  99.6(4) E| L8 59555380838 58835930 (20
N(11)-Os(l)-N(17)  80.2(4) N(3I)-Os(2)-N(37) 79.2(4) P g SoSNS TNy 88 S 9N98S502 |29
N(11)-Os()-N(23) 159.4(4) N(3}-Os(2)-N(43) 157.9(4) 2l 3389z lenigny oNgdNgRon |Eo
N(17)-Os()-N(23)  79.2(4) N(37>-0s(2-N(43) 78.7(4) 2| b YR T O aSANBEYTaOmoe 1 <5 |& E
S T |282322238055228282803 | o6
| | N sl 19359589885 525259:95 a5 |52
Hydrogen atoms were included in calculated positions with thermal O 5 s 5£ 3 5 LI) BN g 2 g =] 5§ 5 @ 6 204 (52
parameters derived from the atom to which they were bonded. All & c c ccc c £ c £ ¢ = @
computations were performed by using the NRCVAX suite of oo
programs® Atomic scattering factors were taken from a standard ‘D“ e
sourcé® and corrected for anomalous dispersion. - o % =
The crystal of5 contains one molecule of dimethylformamide and % T~ =
one molecule of water per asymmetric unit. The final positional & EE E -
parameters, along with their standard deviations as estimates from theg E% ~ & (O
inverse matrix, tables of hydrogen atom parameters, anisotropic thermal G == E 5 s < 5
parameters, and observed/calculated structure amplitudes are availables 2= g Q o) 8 N
as Supporting Information in a previous publicatfd®ond lengths and R =1 :\2_9/ c = 8: —~ P 4 =
angles in5 are given in Table 2 with the numbering scheme given in E =3 9,8 € g ?§’_ ?: S ‘A
Figure 2. S °IP ~ H g S & £ ¢ 3 o-
i S| 3le 8§ 92 X & =g b 5
Results gl €l £ g8 2 3 £ 7 ¢ & 2
w 81X £ g5 8 2 8 8 = =C
Synthesis.Irreversible electrochemical reduction wéns- & o Z =29 Iz 2 % S 25
[0s!(tpy)(Cl)(N)](PFs) (1) occurs aEpc= —0.36 Vvs SSCE > z 2 g £ 3 = 3 g0
(Table 3). Mild reducing agents, such assNgEt HS™, or 2 g:’ >E< §§“§ °) 2 a ? % 2 £
~= © = ) C =
(15) Gabe, E. J.; Le Page, Y.; Charland, J.-P.; Lee, F. L.; White, P. S. o5 % £ \I%Eﬁ- g % = £ % L'
J. Appl. Crystallogr.1989 22, 384. g S B Has E 5§ 2 o g ce
(16) International Tables for X-ray CrystallographyKynoch Press: < 5 9 O5sE s & & Q9 £ © ﬁ
Birmigham, U.K., 1974; Vol. IV. = ©



538 J. Am. Chem. Soc., Vol. 121, No. 3, 1999

cobaltocene, undergo rapid reactions (within seconds) with
nitrido complexesdl or 2, to give theu-N, dimerstrans,trans
(tpy)(CI)208'(N2)Os' (Cl)2(tpy) and (tpm)(CROS'(N2)Os!'(Cl)-
(tpm), respectively. They form by reduction to\G=N followed

by rapid coupling to give O§N)Os'.8° E,. = —0.98 V for
the O¥" couple for 3 and cobaltocene was used as the
reductant to give the mixed-valence salt [(Tp)¢O¥" (N2)-
08!'(Cl)z(Tp)I(CpCo) as the final product. Similar coupling
reactions between ®snitrido complexes have been reported
previously by Taub¥ and Che’* Chemical oxidation ofrans,-
trans(tpy)(C1).08'(N2)Os' (Cl)a(tpy) or (tpm)(CIxOs' (N2)OS!'-
(Cha(tpm) with Fc™ salts affords the mixed-valence ions
trans,trans|(tpy)(Cl).08" (N2) Os'(Cl)(tpy)]™ (5) and [(tpm)-
(CN,08"(N2)OS! (Cl)o(tpm)TH (7), respectively, in good yields
and 15N labeled dimers5*, 6*, 7*, and 8*, by using the
corresponding®N labeled nitridos. Chemical reduction ®fvith
CWP affordstrans,trans(tpy)(Cl),0s'(N,)Os! (Cl),(tpy) quanti-
tatively.

The dimer cis,cis[(bpy)2(Cl)Os" (N2)Os!(Cl)(bpy)]3* (4)
was prepared by electrochemical oxidationca{Os' (bpy)-
(CN(NH3)](PFs) in H,O, at pH 9.2 at a reticulated vitreous
carbon electrode &app, = +0.65 V vs SSCE. The potential
was then switched tg-0.30 V for reduction of the 6—0s!
form to Od'—04d'. Addition of NH;PFR; caused the olive-green
saltcis,cis[(bpy)2(Cl)Os!(N2)Os'(Cl)(bpy)](PFe). to precipi-
tate. It was purified by cation exchange chromatography by
using 0.2 M NacCl as the eluand. was prepared by (Nbk-
[CEV(NO3)e] oxidation of the O%—0Os! form. Details are given
elsewheré:”

Molecular Structure of trans,trans[(tpy)(Cl) ,Os" (N,)Os' -
(Cha(tpy)] ™ (5). Important features in this structure (Figure 2)

Demadis et al.

2.123(7)-2.139(6) A in [(CHCN)(NH3)40s(N:)Os(NHs).-
(CH3CN)]>*.34 More importantly, they are not equivalent with
Os(1)-N(1) = 1.968(9) A and Os(2yN(2) = 1.909(10) A.
There are two distinct sets of ©€I bond lengths: “short”
bonds, Os(1)Cl(1) = 2.352(3) A and Os(BHCI(2) = 2.371-
(3) A, consistent with G%—CI,26 and “long” bonds, Os(2)
CI(3) = 2.401(3) A and Os(2CI(4) = 2.402(3) A, consistent
with Og'—Cl.27 The BF;~ counterion is located 6.22 A from
Os(1) and 6.74 A from Os(2).

On the basis of the Ol bond lengths and counterion
placement in the lattice there are localized'@3s(1)) and O&
(Os(2)) sites inb at least in the solid state. The @©s(2))-
N(N>) bond length is shorter than ®&s(1))-N(N) because
of Od'—N back-bonding?

The Os-N(tpy) bond distance to the central tpy ring is 1.996-
(9) A at the O¥'. The other two OsN(tpy) distances are 2.084-
(9) and 2.084(10) A. The distances at'@se comparable. The
shortening of the “central” MN(tpy) bond is a characteristic
of the structural chemistry of metaterpyridine complexes (in
the absence of trans influence ligands) and is sharédbgble
2).2 1t is a feature dictated by the geometrical constraints of
tpy as a ligand and its inability to span the 188quired for a
planar terdentate ligand. A representative example i5(tpg)-
(Cl)z in which the Os-N(tpy, central) bond length is 1.969(3)
A agd the remaining two bond lengths are 2.077(3) and 2.075-
(3) A3

UV—Vis Spectra. UV—vis absorption maxima and molar
extinction coefficients are listed in Tablg. For the u-N;
complexes containing polypyridyl ligands intense(@s') —
a*(bpy) or dr(Os') — a*(tpy) metal-to-ligand charge transfer
(MLCT) bands appear in the visible. The spectradadind 5

include the nearly staggered tpy ligands with a dihedral angle and their O%—0s' forms are shown in Figure 3. Band energies

of ~74° and the bent N bridge with Os(1)}>N(1)—N(2) and
0Os(2)-N(2)—N(1) angles of 171.5(9)and 172.1(9), respec-
tively. A similar bending has been observed in several homo-
and heteronuclear-N, dimers based on WZzr,8 Zr—2zr1920
Ta—Ta?2! Fe—-Mo,%2 and Nb-Nb.23 In these cases bending is
usually associated with the presence of a-N bond order
higher than 1 and NN bond order lower than 3 implying
significant electron donation tg-N,. In some examples the
bridging N» unit has been formally described as hydrazide (4
), N2*~, with a N—N single bonc%23

This is not the case iB. The N(1)-N(2) bond length is 1.132-
(13) A, only slightly longer than that of free,N1.0976(2) Ay

are shifted to lower energies f&rcompared to4, due to the
more electron rich coordination environment, consistent with
Od"' redox potentials (see below). Due to spirbit cou-
pling 3! the low-energy MLCT bands arise from transitions to
excited state “triplets” which are actually of mixed spin character
accounting for their intensitie®.

The spectra 06, 7, and8 do not exhibit intense bands in the
visible as do their polypyridyl analogues. Intense absorptions
for the tpm complexes appear at higher energies which arise
from a mixture of dr(Os') — z*(tpm) andx — z* transitions.
Bands in the same region have been reported fdr—Rom
complexes?

but much shorter than that in the complexes cited above, and

similar to the N-N distance found in a plethora of other
binuclear complexe® The Os(1)--Os(2) distance across the
bridge is 4.9726(7) A.

The Os-N(bridge) bond lengths are slightly shorter than
typical Os-N single bonds. For example, ©5I(NH3) is

(17) Ware, D. C.; Taube, Hnorg. Chem.1991, 30, 4605.

(18) Mizobe, Y.; Yokobayashi, Y.; Oshita, H.; Takahashi, T.; Hidai, M.
Organometallics1994 13, 3764.

(19) Fryzuk, M. D.; Haddad, T. S.; Mylvaganam, M.; McConville, D.
H.; Retting, S. JJ. Am. Chem. S0d.993 115 2782

(20) Cohen, J. D.; Mylvaganam, M.; Fryzuk, M. D.; Loehr, T. M.
Am. Chem. Sod994 116, 9529

(21) Schrock, R. R.; Wesolek, M.; Liu, A. H.; Wallace, K. C.; Dewan,
J. C.Inorg. Chem.1988 27, 2050.

(22) O’'Donoghue, M. B.; Zanetti, N. C.; Davis, W. M.; Schrock, R. R.
J. Am. Chem. S0d.997 119, 2753.

(23) Dilworth, J. R.; Henderson, R. A.; Hills, A.; Hughes, D. L.;
Macdonald, C.; Stephens, A. N.; Walton, D. R. 81.Chem. Soc., Dalton
Trans.199Q 1077.

(24) Wilkinson, P. G.; Houk, N. BJ. Chem. Physl1956 24, 528.

(25) (a) Pelika, R.; Boa, R. Coord. Chem. Re 1984 55, 55. (b)
Henderson, R. ATrans. Met. Chem199Q 15, 330. (c) Leigh, G. JAcc.
Chem. Res1992 25, 177.

(26) O¢'—CI bond lengths: (a) Bright, D.; Ibers, J. Anorg. Chem.
1969 8, 1078. (b) Aslanov, L.; Mason, R.; Wheeler, A. G.; Whimp, P. O.
J. Chem. Soc. Chem. Commuf979 30. (c) Champness, N. R.; Levason,
W.; Mould, R. A. S.; Pletcher, D.; Webster, Nl. Chem. Soc., Dalton Trans.
1991 2777. (d) Champness, N. R.; Levason, W.; Pletcher, D.; Spicer, M.
D.; Webster, MJ. Chem. Soc., Dalton Tran&992 2201.

(27) O¢—ClI bond lengths: (a) Chakravarty, A. R.; Cotton, F. A,
Schwotzer, Winorg. Chim. Actal984 84, 179. (b) Cotton, F. A.; Diebold,

M. P.; Matusz, M.Polyhedron1987, 6, 1131. (c) Robinson, P. D.; Alj, 1.
A.; Hinckley, C. C.Acta Crystallogr.1991 C47, 651. (d) Levason, W.;
Champness, N. R.; Webster, Mcta Crystallogr.1993 C49, 1884.

(28) (a) Dilworth, J. R.; Richards, R. L. I8omprehensie Organome-
tallic Chemistry Wilkinson, G., Stone, F. G. A., Abel, E. W., Eds,;
Pergamon Press: Oxford, 1982; Vol. 8, p 1073, and references therein. (b)
George, T. A. I'rHomogeneous Catalysis with Metal Phosphine Complexes;
Pingolet, L. H., Ed.; Plenum Press: New York, 1983; p 405. (c) Chatt, J.;
Dilworth, J. R.; Richards, R. LChem. Re. 1978 78, 589.

(29) (a) Beck, J.; Schweda, E.; Site, J.Z. Naturforsch.1985 B40,
1073. (b) Bardwell, D. A.; Cargill Thompson, M. W.; McCleverty, J. C.;
Ward, M. D.J. Chem. Soc., Dalton Tran$996 873. (c) Constable, E. C.
Metals and Ligand Reacity; VCH Publishers: New York, 1996, and
references therein.

(30) Demadis, K. D.; EI-Samanody, E.-S.; Meyer, T. J.; White, P. S.
Submitted for publication.

(31) Goodman, B. A.; Raynor, J. Bdv. Inorg. Chem. Radiocheri97Q
13, 135.
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Figure 3. UV-vis spectra ofcis,cis[(bpy)(Cl)Os'(N2)Os'(Cl)-
(bpy)]?" (---, in CHCN) and cis,cis[(bpy)2(Cl)Os" (N2)Os'(Cl)-
(bpy)]®" (—, in CHCN) (A) and oftrans,trans(tpy)(Cl).0s'(N,)Os'-
(Cha(tpy) (--- and inset, in DMF) and trans,trans[(tpy)-
(CN)208"(N2)OS! (Clya(tpy)]* (—, in CHCN) (B).

Electrochemistry. Electrochemical data are presented in
Table3. In cyclic voltammograms aof in DMF, an irreversible
0s/0s’ wave is observed at g = —0.36 V vs SSCE.

Following the reductive scan, reversible waves corresponding

to the O¥' —0<'/0s'-0d' and O¢' —0s'/08"—0s' couples
of 5 appear at0.21 andt+0.77 V vs SSCEAE;;, = 560 mV).
Similar results were obtained f@and3 with reduction of2 at
Epc = —0.47 V leading to Os(B)Os waves akE;» = +0.04
and+0.67 V (AEy» = 630 mV) and reduction atfz = —0.98
V of 3 leading to waves &, = —0.17 and+0.39 V (AE1
= 560 mV). Foru-N, complex4 E;5(1) = +0.56, with a second
wave appearing &, .= +1.40 V, which is irreversible to scan
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Figure 4. Near-IR spectra forcis,cis[(bpy)(Cl)Os" (N2)Os'(Cl)-
(bpy)]®t, 4 (A, in CDsCN), trans,trans[(tpy)(Cl),Os" (N2)Os'(Cl).-
(toy)]*, 5 (B, in CD:CN), [(tpm)(CIROs" (N2)Os'(Cl)z(tpm)I*, 7 (C,
in (CD)2S0), and [(Tp)(CHOS" (N2)O<'(C)x(Tp)]™, 8 (D, in CDCN).

common pattern of five bands (labeledV) is observed with
bandV obscured fob by a low-energy 05— tpy MLCT band
at 11 500 cm®. A related band is observed at 11 270¢nn

rates up to 5 V/s. Exhaustive electrolysis past the irreversible trans,trans(tpy)(Cl),0s'(N2)Os! (Cl)o(tpy) (Figure 3B, inset§.

wave gave [O¥(bpy)(CIl)(NCCH;z)]?* based on a comparison
of Ey(0s" values®* In CH3CN over several hoursb
undergoes partial solvolysis to giverans{Os" (tpy)(Cl),-
(NCCH)](PFs) (10) as shown byE;, values for the Q¥
(+1.37 V) and O%"" (+0.04 V) couples (Table 3P Similar
observations were made f@r Multiple, bpy-based reductions
are observed at-1.3 to —1.6 V consistent with literature
values®®

Near-Infrared Spectra. Near-IR spectra fod, 5, 7, and8
are shown in Figure 4 with a spectral summary in Table 4. A

(32) (a) Richter, M. M.; Brewer, K. Jinorg. Chim. Actal991 180
125. (b) Johnson, S. R.; Westmoreland, D. T.; Caspar, J. V.; Bargawi, K.
R.; Meyer, T. J.Inorg. Chem.1988 27, 3195. (c) Creutz, C.; Chou, M,;
Netzel, T. L.; Okamura, M.; Sutin, Nl. Am. Chem. S0d.98Q 102 1309.
(d) Pankuch, B. J.; Lacky, D. E.; Crosby, G. A.Phys. Cheml98(Q 84,
2061. (e) Lacky, D. E.; Pankuch, B. J.; Crosby, GJAPhys. Chenil98Q
84, 2068. (f) Kober, E. M.; Meyer, T. Jnorg. Chem1982 21, 3967. (g)
Kober, E. M.; Caspar, J. V.; Sullivan, B. P.; Meyer, T.ldorg. Chem.
1988 27, 4587.

(33) (a) Llobet, A.; Hodgson, D. J.; Meyer, T.ldorg. Chem199Q 29,
3760. (b) Llobet, A.; Dopfle P.; Meyer, T. JInorg. Chem1988 27, 514.

(34) Kober, E. M.; Marshall, J. L.; Dressick, W. J.; Sullivan, B. P;
Caspar, J. V.; Meyer, T. Jnorg. Chem.1985 24, 2755.

None of these bands are appreciably solvent dependent (Table
1 in Supporting Information). In addition, temperature-
dependence studies from38.5 to 25.0°C in CDsCN, from
4600 to 12600 cmt, revealed that the bands hdo not shift

in energy, but do narrow and increase in intensity as the
temperature is decreased.

The spectra were scaled #s(v)dv/v and deconvoluted by
use of the software package GRAMS 32. Results of the decon-
volution procedure as band maximBaf), molar extinction
coefficients €), and bandwidthsAvy,) are given in Tablet.

In the near-IR spectra of ®scomplexes9 and 10, low-
intensity bands appear at4100 and~6700 cnt! in CDsCN
for the expected twosd— dx interconfigurational transitions
at Od! 36

Infrared Spectra. (a) 1900-2100 cnt! Region. v(N=N)
appears at 2011, 2007, 2029, and 2011 tm KBr in u-N;
complexest, 5, 7, and8, consistent with literature valug€s38

(35) (a) Roffia, S.; Ciano, MJ. Electroanal. Chenil979 100, 809. (b)
Sullivan, B. P.; Caspar, J. V.; Johnson, S. R.; Meyer, Qrganometallics
1984,3, 1241. (c) Root, M. J.; Sullivan, B. P.; Meyer, T. J.; Deutsch, E.
Inorg. Chem.1985 24, 2731.
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Table 4. Spectral Parameters for Near-Infrared Bands

Demadis et al.

Ea cmt (e, M~1cm™)

A1_/1/2,C cm?!
salt band | band Il band IlI band IV band V
cis,cis[(bpy)z(Cl)Os" (N,)Os' (Cl)(bpy)] (PFs)s (4) 3710 (1100) 5240 (1200) 6400 (370) 11300 (5200) 13400 (900)
1200 780 2200 1900 2400
trans, trans{(tpy)(Cl),08" (N)Os' (Cl)(tpy)](PF) (5) 3160 (6100) 4740 (450) 5200 (640) 11300 (700) 11700 (1300)
600 600 850 1650 1400
[(tpm)(CI),08" (N2) Os' (Cl)o(tpm)](BF4) (7) 3460 (1500) 5200 (230) 7000 (100) 11400 (2100) 12800 (750)
770 1100 1200 1300 2200
[(Tp)(CI),08" (N2)Os'(Cl)x(Tp)](Cp:Co) (8) 3580 (3730) 5240 (930) 7070 (320) 11700 (5100) 13100 (1500)
600 1100 1300 1400 2200
[OS" (tpm)(CI)(NCCH)](PFs) (9) 4260 (180) 6630 (1209
300 930
trans{Os" (tpy)(Cl)2(NCCHs)](PFs) (10) 4070 (65Y) 6730 (1209
300 930

a|n CD3CN except7 which was measured in (GRSO due to solubility limitations. By spectral deconvolution and band shape andlgsis.

— dx interconfigurational bands$.Given in italics.

These assignments are reinforced by the shifts® cnt? in
the5N-labeled dimerg*, 5%, 7*, and8* (67 cnt! calculated).
v(N=N) is also observed for the ®E,)Os' complexes in
KBr (Table 3), but the bands are broad and intensities are lower
by a factor of 10 compared to the mixed-valence complexes
(e.g.,e ~ 50 forcis,cis[(bpy)2(C1)Os'(N2)Os! (Cl) (bpy)](PFs)2
in CDsCN). The origin of the intensity for(N=N), which is a
symmetrical stretch, is that the molecules are not totally
symmetrical across the bridge. Farv(N=N) is split in KBr
with components appearing at 2088 and 2036 mhe origin
of this splitting is presumably the existence of different rotameric
forms in the KBr pellet.

(b) 1400-1500 cnt! Region.v(bpy) andv(tpy) ring stretch-
ing vibrations appear in this region. The energies and intensities
of the v(bpy) vibrations are known to be sensitive to the Os
oxidation stateé?

For 4, v(bpy) bands appear at 1428, 1436, 1451, 1469, and
1496 cnttin CDsCN. For5, v(tpy) bands appear at 1436, 1449,
and 1486 cm® in CD3CN. The spectrum o4 in this region is
shown in Figure 5 and, for comparison, the sum of the spectra
for cis{Os" (bpy)(CI)(NCCHs)]?* and cis{Os'(bpy)(Cl)-
(NCCHg)]™. In an earlier reporty(bpy) modes were used as
markers for localization or delocalization in ¥sOs' mixed-
valence dimerg?

(c) 400-600 cnT! Region. Bands appear at 459, 503, and
524 cntl for trans,trans(tpy)(Cl),0s'(N2)Os! (Cl),(tpy) and at
455, 497, and 518 cmi for trans,trans(tpy)(CI)0s' (*>N°N)-
Os!(Cl),(tpy) in KBr. Bands appear at 545, 530, and 505 ém
for (tpm)(CI)0s'(N,)Os!(Cl),(tpm), and at 528, 512, and 489
cmt for (tpm)(ClLOs!(*3N15N)Os! (Cl),(tpm). Following the
analysis and assignments of Kettle et3&khese bands can be
assigned to thele (VOSNzO& Azu), V10 ((505[\5205, Eg), and V11
(dosnos Eu) modes of a linear (or nearly linear) ©81—N—

Os group. For [(NH)sRU'(N2)RU'(NH3)s]*", bands for these
modes were assigned at 502, 520, and 318'cnaspectively®

(36) (a) Sen, J.; Taube, Acta Chem. Scand979 A33 125. (b) Taube,
H. J. Pure. Appl. Chenil979 51, 901. (c) Creutz, C.; Chou, M. Hnorg.
Chem.1987, 26, 2995. (d) Dubicki, L.; Ferguson, J.; Krautz, E. R.; Lay, P.
A.; Maeder, M.; Taube, HJ. Phys. Cheml984 88, 3940. (e) Araeo, A.;
Mercati, G.; Morazzoni, F.; Napoletano, horg. Chem.1977, 16, 1196.

(37) (a) Henderson, R. A.; Leigh, G. J.; Pickett, CAdv. Inorg. Chem.
Radiochem1983 27, 197. (b) Hidai, M.; Mizobe, Y Chem. Re. 1995
95, 1115. (c) Bee, M. W.; Kettle, S. F. A.; Powell, D. Bpectrochim.
Acta 1974 30A 1637.

(38) Bee, M. W.; Kettle, S. F. A.; Powell, D. Bipectrochim. Acta975
31A 89.

(39) (a) Demadis, K. D.; Neyhart, G. A.; Kober, E. M.; Meyer, TJJ.
Am. Chem. S0d.998 120, 7121 (b) Demadis, K. D.; Neyhart, G. A.; Kober,
E. M.; Meyer, T. J.; White, P. S. Manuscript in preparation.
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Figure 5. IR spectrum oftis,cis[(bpy)2(Cl)Os" (N)Os'(Cl)(bpy)]**
(4) (—) from 1400 to 1500 cmt in CDsCN compared to the average
of the sum of spectra faris-[Os" (bpy)(Cl)(NCCHg]?>" andcis-[Os'-
(bpyR(C(NCCHy] " (- - -).

For trans,trans(tpy)(Cl),0s'(N2)Os'(Cl)(tpy) the relatively
high band energies suggest at least partiat @snultiple bond
character. For the mixed-valence'@bl;)Od' forms, there is
evidence for bands in the same region, but they are of low
intensity. For [(NH)sOS"(N)Os'(NH3)s]>" a band in the
Raman spectrum at 150 chhas been assigned tg(Os—
N(N)).t

Discussion

In a composite sense, mixed-valence complekés 7, and
8 have some unusual properties. The major theme in this
paper is to describe these properties and how they relate to
electronic structure, localization vs delocalization, electronic
coupling acrosg-N,, and the barrier to intramolecular electron
transfer.

There is information about electronic coupling and electronic
structure in the UV-visible spectra and electrochemical data.
The MLCT absorption band patterns fais,cis[(bpy)2(Cl)Os-
(N2)Os(Cl)(bpy}]*" (4), cis,cis[(bpy)(Cl)Os'(N2)Os'(Cl)-
(bpy)]?t, andcis{Os" (bpyk(CI)(NCCH)] " are the same. This
is illustrated in the line diagram in Scheme 1, which shows the
systematic energy increases through the series. The shifts are
of the same magnitude as the difference&in(0Os'""), Table
3, consistent with the MLCT character of the transitié#s.

The common & — z*(bpy) MLCT band pattern suggests
that there is no major perturbation in the drbitals due to
electronic coupling acrogsN,. The energy shifts are a measure
of the increase ina—x* back-bonding at [(bpy(Cl)OS']- as
the sixth ligand is varied in the series: gEN, [(N2)Os'(CI)-
(bpy)]™, and [(N,)OS!(Cl)(bpy)]?t. This also explains the
decrease in band energy ofN=N) in [(bpy)(CI)Os"(Ny)-
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Scheme 1
cis-[0s11(bpy)2(CI(NCCH3)| | | | |
cis,cis-[(bpy)2(ChOsTI(N2)Os!(CI) (bpy)21 2+ | | | |
cis,cis-[(bpy)2(C)OsITI(N2) OsII(Cly(bpy)2]3+ I I I I
r —T T T ]
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Figure 6. Schematic energy level diagram for 't{#l;)Os'. The relative energy levels shown are those for [(tpm} @) (N,)Os'(Cl)(tpm)]*
(.

Os!(Cl)(bpy)]®* (4), compared tais,cis[(bpy)2(Cl)Os'(Ny)- long Os-Cl bonds, and the asymmetrical disposition of thg BF
Od'(Cl)(bpy)]?*. Similar arguments can be made in com- counterion in the lattice. As shown by the appearance of
paring the MLCT spectra ofrans,trans(tpy)(Cl)>0s'(Ny)- »(N=N) in both CD;CN and KBr,localization is not simply a
Os!(Cl),(tpy) and5. solid-state effect

Another measure of interactions across thdl, bridge is Assuming localization, it is possible to assign the near-IR

AEy, (=Ey9(2) — Ey(1)) for the O8'—0g!/Os!' —Od' and O/ bands by using the schematic orbital diagram in Figure 6. In
08'-0¢! couples AE; 2 fo_r dimersb5, 7, ands fall in the range constructing the diagram, it was assumed thaQ#!") and dr-
0.55-0.61V; for4, AEyp is 0.84 \5/+' for comparison\Ey is (04" are premixed withz(Ny) and 7*(N). These orbitals
1.20 V for [(N H3)5OS(Nz)OS(.NH3)5] and 0.47 V for [(Nl‘ﬁ)s- promote dz(Oé”)—n(Nz)—dn(O§') and d’t(0§”)_ﬂ*(N 2)_dﬂ-
RU(N)RU(NH)s] ™. AEy 2 is related toAG® for the compro- (Od") coupling across the bridge. Taking ©N,—Os as the

portionation equilibrium, z-axis (neglecting the slight divergence from 280dz,(Os")

0d"—od" + od —0d' — 204" —od' 1) and dix(Od') are largely ¢, dy, in character andah(Og') is
largely dy. Spin—orbit coupling at O4 impartsz character to
by AG°com (in €V) = — AEyp.. all three dr(Os") orbitals?%41 In Figure 6, it is assumed that
Description of Electronic Structure in the Mixed-Valence drr1 and dr, are strongly mixed witht*(N ) orbitals to give
Complexes.For the mixed-valence:-N> complexes [(Ch- the series of molecular orbitats, 72, 73, andzs. The overlaps
CN)(NH3)408" (N2)Os'(NH3)4(CHsCN)J>* 34 and [(NH;)s0s" - are illustrated in Figure 6. Therd orbitals are less strongly

(N2)OS!(NHg)s]>" * »(N=N) is not observed or is of low  ¢oupled. As illustrated by the overlaps in Figure 6, they have

intensity. This is consistent with delocalization and no permanent symmetry along the GsN—N—Os axis and coupling across

dipole acrosg-N, on the IR time scale. By contrast, relatively  ipe ~5 A Og--Os separation distance occurs by mixing with

intensev(N=N) bands appear fot, 5, 7, and8 (¢ ~ 300 for4 a(N).

and 1220 fors, e = 320 for 7 and 400 for8). The appearance

of ¥(N=N) provides evidence for a permanent dipole moment

and an oxidation state marker for 'O#)Os' on the infrared

time scale. Based on the bandwidth at half-height and the

uncertainty relationAE-At < A, it is possible to set a lower

limit on the time scale for intramolecular electron transfer. For

5 with Vl/.z =40 Cr.n_l’ At =1 x 1.0_1.3 S- . (40) Kober, E. M. Ph.D. Dissertation, The University of North Carolina,
There is also evidence for localization in the crystal structure chapel Hill, 1982.

of 5 including short and long GsN(bridge) bonds, short and (41) Kober, E. M.; Meyer, T. Jinorg. Chem.1983 22, 1614.

In Figure 6 it is assumed thatrg—(N,)—dms mixing is
relatively weak, resulting in electronically coupled but discrete
dr3(0s") and dr3(0d') levels. The ds—a(N,)—dzs mixing
destabilizes d3(0s") and dry,dr,—a*(N2) mixing stabilizes
dr; and dr, at Od' relative to drz. The latter is the origin of
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the back-bonding effect that causes the decreaséNsN) in (CD3)2SO Dgp = 2.182), the near-IR band energies and shapes

0Os'"-0s8' compared to Os-Od'. for 5 are relatively unchanged (Supporting Information, Table
On the basis of this model, three IT bands and two-e dz 1). _ )
interconfigurational bands at tsare predicted. The latter are A related observation has been made for IT(2) and IT(3) in

expected to appear in the neafiR3%42 and, in the tentative  Cis-[(bpy)(COs" (pz)RU'(NHz)s]*". These are cross-bridge
band assignments in Figure 6, are assigned as the two transition§ansitions and the absence of a solvent dependence was

at lowest energy. They appear-ati200 and~6700 cnt? in explained by invoking extensiver§Os")—m,7*(pz) —dz(Ru")
the O4' —~NCCHs complexes § and 10). mixing, which greatly decreases the extent of charge trafzfer.

In cis-[(bpy)2(C)OS" (pz)RU'(NH3)s]** electronic coupling IT(1) was not observed for this complex.

causes the @—dzr bands to shift to lower energy and gain There may be another explanation frs, 7, and8 based
intensity by mixing with the IT transition®42The orbital basis on time scale. IT(1) is expected to have charge-transfer character

for the mixing is dr—dx coupling across the pz bridge. since dr—x(N2)—dx coupling is moderate at best (vide infra).

; . . If the time scale for intramolecular s~ O<' electron transfer
37(1)8 éﬁf’:ﬁggﬂf&fgiﬁ?ﬁ; zvesais'g: dtgfobg;dj’ $3160 is rapid on the time scale for the solvent motions coupled to
o ; o . electron transfer, the solvent polarization surrounding the ion
transitions, although it must be admitted that these aSS|gnment§Ni” assume an average of those for'0s0g! and O4—0d!
are somewhat §pecu|at|ve. W.'th this assignment, the decreasel.he solvent would no longer contribute to the optical or thermal
in energy and higher absorptivity compared to th# ©5ICCH; barriers to electron transfer
complexes in Table 4, is a consequence of electronic coupling :

across the bridge. More importantly, the energies of the proposedt There are two contributions @, one from dipole reorienta-
: . ! . ion nd one from collective translati i, anal
IT and dr — d bands are internally consistent, at least4pr On, oo, and one from collective translations,, analogous to

7 ands below phonons in the solid state. The former dominates in polar
» ands, see below. solvents*346From frequency-dependent dielectric and ultrafast

Taking [(tpm)(CIYOs! (N2)OS!(Cla(tpm)]” (7) as the ex-  transient absorption measurements in polar organic solvents, the
ample, the near-IR bands can be assigned according to Figurgjme scales of the two motions are of the ordelr ps and<0.1
6 as follows: (1) The two lowest energy bands are-¢ dz ps, respectively’

transitions decreased in energy and enhanced in intensity by For Gaussian absorption bands it is possible to calculate the
orbital mixing across the bridge which imparts some IT glectronic resonance energy arising from—dr,7*(N2)—dx

character. (2) The lowest energy IT band, IT(1), appears at mixing by using an equation derived by Hu#h,
~7000 cn1l, see Table 4. It arises from the transitiom(Ds')

— dmz(03"). Its absorptivity is low because electronic coupling _4 _ 72
is by a¢ interaction and gz;—m(N,)—dzz mixing across the H. = 4.2 10 " €madAVyoEans
N, bridge. A closely related orbital scheme has been proposed bA d?

for [(bpy)(CHOS" (pz)RU'(NH3)s]4.42 In this case thed

interaction is sufficiently weak that IT(1) is not observed, in |n this equationemaxis the molar extinction coefficient (in M
part due to the longer MM distance for pyrazine as a bridge cm1) at the absorption maximunEaps (in cm1), for the
(6.9 A) compared to h(5.0 A)#2(3) IT(2) and IT(3) appear at  spectrum scaled age(7) dv/v.4849 A7y, is the bandwidth at
11 400 and 12 800 cm. They are at higher energy because half-height (in cnt?). d is the metat-metal separation distance
they involve charge transfer fromzg{Os') and dr,(Os'), which (in A).

are inner orbitals. These transitions give interconfigurational  The spectra in Figure 4 are replotted a¢v) dv/v in Figure

)

excited states, e.g.qPdr,*dz*(08')—dms(08") — drs*dr,- 1 in the Supporting Information. A spectral deconvolution

1d73%(08")—drs?(Os'). procedure was used to isolate the individual absorption bands
Based on Figure 6, the energies of the IT and-¢ dz bands and calculateemay, Eans and 71, for each component (see

are related a&r(2) ~ Er(1) + Edgr—dr(1), Ex(3) =~ Er(1) + Experimental Section). The band-shape parameters are given

Eda—dz(2). For IT(2) and IT(3) the experimental values, 11 400 in Table 4.Hpa values for each IT band were calculated by
and 12 800 cml, are close to the calculated values of 10 420 using eq 2, and total resonance energies from the sum are also
and 12 160 cmt. For IT(2), the absorptivity is greatly enhanced listed in Table 5. In these calculatiodswas taken as 5.0 A
compared to IT(1) because of extensive dmy(0s')—7*(N ) from the crystal structure d. This is an upper limit because,
mixing across the bridge. This mixing may greatly decrease the as noted by Hupp, electronic coupling across the bridge
extent of charge transfer for _IT(Z) compart_ad with IT(1). ) (45) (a) Gress, M. E.; Creutz, C.; Quicksall, C. l@org. Chem.1981,

Although the proposed assignments are internally consistent, 20, 1522. (b) Creutz, C.; Chou, M. Hnorg. Chem.1981, 20, 1522. (c)
the absence of a solvent dependence for the IT bands must stiINV'?j‘gﬂ(rai-J;rggohAx Tlfr;};iubr?ﬁeﬁ'iﬂgf% gig?on;iigfgyzs?é%?fance 5
be expla!ned. Because of their charge-trgngfer character, theyDeVault, D.C., Frﬁuénfélder, H., Marcus, R. A., Schrieffer, J. R Shtin,
are predicted to be solvent depend€&nthis is the case for N., Eds.; Academic Press: New York, 1979; p 109. (b) Marcus, RLA.
cis,cis[(bpy)(CHRU" (pz)RU'(Cl)(bpy)]3*t, for example, for Chem. Phys1956 24, 979. (c) Marcus, R. AJ. Chem. Phys1956 24,
which RU' — RuU" IT bands appear in the near infrared which

_ . . (47) (a) Dogonadze, R. R.; Kalman, E.; Kornyshev, A. A.; Ulstrup, J.,

are broad Avy; = 4900 cmt in CDsCN) and vary with the Eds The Chemical Physics of $ation, Part. A Elsevier Science Publishers
solvent dielectric function, Dy, — 1/Ds** Dop and Ds are the B.V.. Amsterdam, 1985. (b) Ulstrup, Lharge-Transfer processes in

optical and static dielectric constants of the solvent. By contrast, condensed Media. Lecture Notes in ChemisSiringer-Verlag: New York,
P y ' 1979; Vol. 10. (c) Bticher, C. J. FTheory of Electric PolarizationElsevier

in a range of solvents including GNO; (Do, = 1.909) and Publishing Co.: New York, 1952. (d) Fntich, H. Theory of Dielectrics;
Oxford University Press: Oxford, 1949. (e) Cole, R. H. Molecular

(42) Neyhart, G. A.; Timpson, C. J.; Bates, W. D.; Meyer, TJ.JAm. Liquids-Dynamics and Interaction®arnes, A. J.et al., Eds.; D. Reidel
Chem. Soc1996 118 3730. Publishing Co.: New York, 1984; p 59.

(43) Chen, P.; Meyer, T. Lhem. Re. 1998 98, 1439. (48) (a) Hush, N. SProg. Inorg. Chem1967, 8, 391. (b) Hush, N. S.

(44) (a) Callahan, R. W.; Meyer, T. Chem. Phys. Lett1976 39, 82. Electrochim. Actal968 13, 1005. (c) Creutz, GProg. Inorg. Chem1983

(b) Callahan, R. W.; Keene, F. R.; Meyer, T. J.; Salmon, 0. Am. Chem. 30, 1.
Soc.1977, 99, 1064. (49) Reimers, J. R.; Hush, N. $org. Chem.199Q 29, 3686.
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Table 5. Calculated Values foHpa in cm™ for 4, 5, 7, and 8. The Labels 1, 2, and 3 Correspond to Bands lll, IV, and V in Table 4

complex Hpa (1), cn1t Hpa (2), cnt Hpba (3), cnmt Hpa(total), cnmt solvent
cis,cis{(bpy)2(Cl)Os" (N2)Os!' (Cl)(bpy)]®t (4) 295 1369 697 2361 CITN
trans, transf(tpy)(C1),08" (N)Os! (Cl)x(tpy)]* (5) 218 468 598 1284 CITN
[(tpm)(C1),08" (N2)OS' (Cl)o(tpm)]™ (7) 118 723 595 1436 (CH.ST
[(Tp)(CN204" (N,)OS' (C)o(Tp)]~ (8) 222 1184 852 2271 CEN

a(CD3),SO was used as the solvent due to the poor solubility of its salts ¥C8D

decreases the actual charge-transfer distance from the geodistances, which implicates low-frequency-&¢ and Os-Cl
metrical distanc&® Hpa(total) values are in the range 1500 vibrations as contributors to the barrier.

2500 cnt! with the most important contribution froidpa(2). The low-energy orbital pathway for intramolecular electron
On the basis of this analysis, the resonance energy arising fromtransfer is d3(0s') — dz3(08"). The optical analogue in the
dr3(0O8")—dms(0s') coupling, Hpa(l), is relatively low, con- near-IR spectra is IT(1). In the classical linigr is given by,
sistent with the proposed, largely-6 nature of the interaction

and small &—m(N)—dr mixing. Ker = ver exp—(AG*/RT) 4)

The magnitudes of thelpa values reveal that through-bridge
electronic coupling is moderate, at best, smaller than typical In eq 4 ver is the frequency factor for electron transfer and
reorganizational energies and insufficient to cause a major AG* the free energy of activationl is the reorganizational
electronic perturbation. This is consistent with the conclusions energy and includes the sum dfs for the coupled low-
reached in interpreting the UWisible spectra oft and5. On frequency metatligand vibrations and,; is the translational
the basis of the totatipa values, the contribution of electronic ~ component ofi,,
delocalization in the mixed-valence ions &G°c,m for the
equilibrium in eq 1 is Blap = 0.58 eV (out of 0.84 eV) fod4, A= Aot Z Sho, ()
0.32 eV (out of 0.55 eV) fob, 0.36 eV (out of 0.61 eV) for,
and 0.56 eV (out of 0.56 eV) f@. Electronic delocalization in

the mixed-valence ion accounts f850% of the magnitude of ) )
constants and quantum spacings and the sum is over the coupled

AG°com in these mixed-valence equilibria. ) ; o .
Intramolecular Electron Transfer. With the assumption of ‘é‘?{?ﬁ'ons"' AGis related tol andHpa(1) as shown in eq

localized oxidation states, intramolecular electron transfer occurs
between O5 and O4' across theu-N; bridge with a charac-

In eq 5 the $and w, are electron-vibrational coupling

2
teristic rate constanker, and lifetimerer (=kgr™1). This is % =/_‘L _ w
. : . AG Hpa(1) + (6)
illustrated for the tpm dimer7, in eq 3. 4 A

ker The magnitude oHpa(1) is sufficient that electron transfer
[(tpm)(C1),08" (N,)Os'(CI),(tpm)] " == occurs in the adiabatic regime angr is dictated by the
L . dynamics of the coupled vibratiofi%By usingver = 10t3s71,
[(tpm)(C1),08'(N,)0s" (Cl),(tpm)]" (3) egs 4 and 6, th&apsvalues in Table 4 andipa(1) in Table 5,
ker(CHsCN, 298 K)= 1.7 x 10 (4), 5.2 x 10 (5), 3.8 x
The various spectroscopic markers provide estimatesgor 1 (7, in DMSO0), and 5.6« 10° (8) s™L. These values approach

From the 40 cm! bandwidth at half-height fo, zer < 0.1 ps. but are too slow to be consistent with the time scale maiers.
From the absence of a significant solvent dependence for the This discrepancy can be explained by invoking an important
IT bands,zer < 1 ps. contribution from quantum vibrational transitions below the

There is a third marker relating time scale and electron barrier crossing (nuclear tunneling). The differences ir-Ob
transfer. It is based on the series/@py) ring stretching modes ~ and Os-N(N) bond distances in the structure tofns,trans
in the mid-IR from 1400 to 1500 cm shown in Figure 5 In [(tpy)(C1)208" (N2)Os!' (Cl)(tpy)](PFs) (5) in Table 2 are small
cis, Cisf(bpy)2(Cl)Os(BL)Os(Cl)(bpy)]3* there are separate sets Ccompared to equivalent changes in isolated" Cad O$
of »(bpy) bands for Osand O4' for BL = 4,4-bpy, but for ~ complexes:Ar(Os—Cl) = r(0s'—Cl) — r(0s"—Cl) = 0.042
BL = pz, they are averagéd.The same comparisons cannot A in 5 compared toAr(Os—Cl) = 0.080 A incis-[Os" (bpy).-
be made fo# because of the instability of the ths-Od!' form (CI)(NCCHp)]* andcis-[Os" (bpy)(Cl)(NCCHg)]#*.5> The small
toward loss of N. Nonetheless, by comparing the data with bond distance changes are a consequence of electronic coupling

the average of Fhe sum of spectra fds-[Os'“_(bpy)z(CI)- (52) (a) Hush, N. S. IiMixed-Valence CompoundBrown, D. B., Ed.;
(NCCHg)]?* andcis{Os' (bpy)(CI)(NCCHs)] ™ as in Figure 5, Reidel Publishing Company: Dordrecht, 1980; p 151. (b) Cribb, P. H.;
it is clear that the band positions in the mixed-valencedom Nordholm, S.; Hush, N. S. ifiunneling in Biological System€hance, B.,

: DeVault, D. C., Frauenfelder, H., Marcus, R. A., Schrieffer, J. R., Sutin,
not simply the sunof the bands for 0% and O$. N.. Eds.: Academic Press: New York, 1979: p 139,

Although the solvent and(bpy) marker vibrations may be (53) (a) Marcus, R. AAnnu. Re. Phys. Cheml966 15, 155. (b) Marcus,
averaged, there is a residual barrier to intramolecular electronR. A.; Sutin, N.Biophys. Biochim. Acta985 811 265. (c) Sutin, NProg.

P . - Inorg. Chem1983 30, 411. (d) Newton, M. D.; Sutin, NAnnu. Re. Phys.
transfer. There is |nf0rmgt|on about. the barrier in the X-ray Chem.1984 35, 437. (e) Sutin, NAcc. Chem. Resl982 15, 275. ()
crystal structure and the differences in-@¢$ and Os-Cl bond Marcus, R. ARev. Mod. Phys1993 65, 599. (g) Hush, NCoord. Chem.
Rev. 1985 64, 135. (h) Barbara, P. F.; Meyer, T. J.; Ratner, MJAPhys.

(50) Hupp, J. T.; Dong, Y.; Blackburn, R. L.; Lu, H. Phys. Chem. Chem.1996 100, 13148.
1993 97, 3278. (54) If bandl were the correct assignment for IT(Xsr = 4.0 x 10

(51) (a) Omberg, K. M.; Schoonover, J. R.; Treadway, J. A.; Leasure, s™%, for 4, which is also too slow to be consistent with the time scale marker.
R. M.; Dyer, R. B.; Meyer, T. JJ. Am. Chem. S0d.997 119, 7013. (b) This assignment is also consistent with the energy relationships in Figure
Mallick, P. K.; Danzer, G. D.; Strommen, D. P.; Kincaid, J. R.Phys. 6 if bandsll andlll are assigned as therd— dx transitions.
Chem.1988 92, 5628. (c) Strommen, D. P.; Mallick, P. K.; Danzer, G. D.; (55) r(0s—Cl) = 2.4199(6) A incis-[Os" (bpy)(CI)(NCCHy)](PFs)*°and
Lumpkin, R. S.; Kincaid, J. RJ. Phys. Chem199Q 94, 1357. r(Os—Cl) = 2.332(3) A incis-[0s" (bpy)(CI)(NCCHg)](NO3).56
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across thei-N; bridge. The mixing of @ orbitals between O's tion on the molecular motions coupled to electron transfer can
and O¥' causes a “blending” of oxidation states. This decreases be described as follows:
the change in equilibrium displacement between oxidation states (a) In the limit that 21pa > A, the electronic delocalization
and enhances vibrational overlap between reactant and producenergy exceeds. The odd electron is delocalized over both
vibrational levels low in the potential wells. There can be sites, as it is in [(NH)sOs(N\.)Os(NHs)s]>+.
important contributions from vibrational levels well below the (b) In 4, 5,7, and8, Hpa (Table 5) is a small fraction of
barrier crossing even for low-frequency ©8l and Os-N (Table 5),<5% for IT(1). There is sufficient electronic coupling
modes. For the = 0 — V' = 0 transition between the lowest to “blend” O4' and O4' electronic character (as manifested in
vibrational levels, the form of the vibrational overlap integral decreased GsCl and Os-N bond distance changes), but not
is, to cause delocalization.
(c) The discrepancy betweemN=N) and orientational
motions in the solvent as oxidation state markers is a time scale
@ effect. It is a manifestation of having multiple molecular motions
with different time scales coupled to the same process. Intramo-
lecular electron transfer is more rapid than solvent dipole
Sis related to the reduced ma#4, and change in equilibrium  reorganization but slower than the time scaleif(iN=N).
displacementAQe, by (d) Molecular vibrations can couple to the change in electronic
structure associated with electron transfer in different ways. For
1 2 the coupled OsCl, Os—N modes, there are significant changes
S=1,(Mw/h)(AQ) 8) in equilibrium displacementS= 0) and they create the barrier
to electron transfer. The(bpy) vibrations act as “spectator
modes” with frequency averaging providing a measure of
electron-transfer time scaté.
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The Localized-to-Delocalized Transition.One result of this
study is to reveal the existence of a series of mixed-valence
complexes whose properties include elements of both localized
and delocalized behavior. The surrounding solvent orientational
polarization is averaged and so arpy) marker vibrations,
suggesting that intramolecular electron transfer is rapid on the
time scale for their relaxation from the=v 1 vibrational levef”

On the other hand, the (N=N) vibrational marker and
molecular structure reveal residual localization.

The localized-to-delocalized transition is driven by electronic  gypporting Information Available: Table 1 with near-IR
coupling across the bridge. The effect of electronic delocaliza- yata in various solvents, Table 2 wikiom values, and Figure

(56) Demadis, K. D.; Meyer, T. J.; White, P. S. Unpublished results. 1 With near-IR spectra plotted 3%(v) dv/v (PDF). See any

(57) (a) Ito, T.; Hamaguchi, T.; Nagino, H.; Yamaguchi, T.; Washington, current masthead page for Web access instructions.

J.; Kubiak, C. P.Sciencel997 277, 660. (b) Kubiak, C. P. Personal
communication. JA9828020
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